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1.0 IRTRODUCTION AND SUMMARY

The research and development program reported herein has been a logical extension to
experimental and theoretical efforts which had been underway at TRW for a duration
of nearly four years. To understand fully the logic and necessity for the reported
work, it is appropriate briefly to review and summarize the prior efforts.

TRW's activity in the area of electron-bombardment ion engines dates back to the
time wvhen virtually the entire activity in the ion engine field was being directed
ta cesium contact-ionization research. At the time, despite their promise of high
propellant efficiencies, these cesium engines were handicapped by operation at low
povwer efficiency. The bombardment engine concept proposed by TRW constituted an

' approach to the pProblem which promised increased power efficiency without sacrifice

of engine lifetime because of sputtering damage to acceleration electrodes. This
approach vas postulated on the basis that gas discharge (bombardment) ion sources
could be operated over a wide range of ion current density at good power and pro-
pellant efficiencies.

In its elsmentary form, the TRW engine concept consists of a bombardment engine
based on a slit aperture geometry. This geometry was chosen because it allowed
usable thrust levels to be obtained from a reasocnable number of single aperture
sources, vhile simultanecusly allowing almost complete freedom in the configuration
of the ion accelerating system so as to insure minimum sputtering damage by proper
choice of propellant, and by optimizing the geometry in the acceleration region.

The slit aperture geometry, furthermore, favored a single exit aperture per ioniza-
tion chamber rather than some multiple aperture arrangement. This in turn led to
increased design latitude, particularly in acceleration electrode shaping, without
sacrificing ion collection efficiency. The result has been a socurce of high aver-
age lon current density per unit of total area subtended by the engine.

The.ion source vas designed around an axial field electron trap which confines
electrons axially by electrostatic forces and laterally by magnetic forces.
Electrons from a cathode are injected into the trap and accelerated axially as they.
approach the anode region. Being constrained from reaching the anodes by a magnetic
field, they proceed through the anode region and reflect from the meniscus between
the plasma and the ion besm. . After reflecting from this. surface, the electrons
return through the anode channel, and most return again after reflecting from the

inner pole sheath, etc. These multiple reflections and traversals of the ionisation

chamber extend the electron path to sufficient length to give a high probebility
for an ionizing collision with a gas atom.
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The axial field type of trap was chosen because the same electric field which re-
flects the electrans at the meniscus is effective in gueeping the ions formed in
the downstream balf of the anode channel ocut of the exit port into the accelerating
region. The same action takes place at the upstream end of the channel, of course,
80 that ions formed there are swvept into the inner pole pieces or into the cathode.
The trepping field wes-asymmetrized somevbat by shaping the inner pole surfaces to
favor the dovnstream focuping.

Before a practical development of this source comncept could be -undertaken, it was
first necessary to establish vhether a cathode could be made to cperste under the
conditions required by the source. The problem was to determine whether a cathode
could provide a spatially uniform discharge along the slit. The situstion was com-
Plicated by the further requirement that the cathode cperste space-charge limited.
This requirement stemmed from Irwctical considerations such as aging and the pos-
sibility of tempereture or surface nommiformitiss that could prevent the emplay-
ment of an emission~limited cathode.

8ince existing knowledge at the time the source concept was developed wvas insuf-
ficient to ansver ths cathode question, it was necessary to resort to omri.-n{’-.
This vas douns by comstructing an anmlar ion source of the design described above,
and observing its operation with several types .of cathodes. Both pure mstal fila-
sents and oxidescoated cathodes were employed and found gquite satisfactory vhea
operated space charge limited. This vork established the feasibility of the source
design and showed good promise for the attaimment of high pover efficiencies. Om
the strength of this, NASA provided support for continued development of the source
in the form of Contract EAS8-42 (Reference 1).

The first task under the above contrect was to investigate electron trepping tech-
niques so that an efficient ionization chamber could be designed. To facilitate
experimentation, a one-inch long linear aperture source of Tlexible design was con-
structed and used instead of the fairly cumbersome annular slit source described
above.

This source featured an electromsgnet to provide the requisite magnetic fields.
vhich could, of course, be varied in strength. This turned out to be very con-
venient experimentally, particularly-in the early stages of testing. A:permanent
magnet arrangement was the ultimmte -goal and was employed later-in the-progras.
rar-pui-poces of expediency,-the initial source work-was done using argon as the
propellant. As the work progressed and source performance vas improved, the
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source was modified for operation with mercury, the propellant ultimately selected
for use with the scurce. This choice was based upon a variety of factors, inclmding
mercury's ease of handling, storage, metering, and vaporizing, a high mass per
particle, and its ability to provide ionizing discharges of high efficiency while
mintaining arc voltages compatible with sufficient cathode lifetimes,

The experimental verification of good source performance constituted a large M—
tion of the effort under Contract NAS8-42, The linear slit source mentioned above

 was employed in extensive experimental studies of electron trapping technigues,

and their effect upon ion production (arc power efficiency and propellant utiliza-
tion). To facilitate this scurce optimization process, argon propellant and tungsten
wire cathodes vere used. A variety of internal scurce gecmetries were studied;
variables included magnetic field stirength and shape, anode width and length, cathode
slit length and width, source aperture width, etc. The details of this gpiimisation
are dezoribed in Reference 1, the summry report submitted to NASA under Contract
MS8-42. Briefly stated, this effort resulted in Bk per cent (argom) propellant
utilization at an arc input of 450 electron volts per iom.

The next step wvas the conversion to source operation with mercury. The necessary
system changes were made, including the design, nbri;:ation, and installation of
porous-plug vaporizer and mercury feed system. Initial testing with mercury showed
the necessity for several changes in the details of the source, particularly in the
mode of propellant feed to the ionization chamber. The necessary modifications

vere completed and quite satisfactory source performance was realized using tungsten-~
filament cathodes. Such cathodes were very convenient to use in experimentation, but
had short lives and required too much power for space applications.

The emphasis then was shifted to the development of more suitable cathodes. This
effort was centered about the development of a sintered nickel matrix cathode com--
taining commercial barium-strontium oxide emitting compounds. Although this portiean
of the contractual effort was somevhat limited in scope, matrix cathodes suitable
for use in both the linear and (larger) annular scurce resulted. Much of the .
initial testing with these cathodes was done in the anmlar engine, and need not

be revieved since it has been found that an array of linear sources has many
advantages over one or more anmular sources » particularly from the standpoint of
thruset per unit frontal area.

The first tests using :one-inehulongwoaurcosmnnichl-,trn cathodes -wvere. guite
promising tut showed a need for wore information concerning the behavior of the
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electrons emitted. In particular, it was desired to know the electron energy distri-
bution of the electrons coming from the cathods since it was felt that a large frace
tion of the emitted electrons from the oxide cathodes lost much of their initial |
energy through inelastic collisions prior to emtering the anode region. Experimentation
to determine the electron energy distrubution wag initiated, and the results obtained
vere exployed to slightly modify the source geometry so as to minimize the electron
energy losses. The results vere arc power efficiencies of about hBO eV/ion at or '
near ninety per cent propellant utilisatiom.

At this point the merocury performance of the nmlrnparﬁwa source had been fairly
vwell established and a new linear source, two inches long, was constructed using
permanant magnets rather than coils., The idea was to reproduce with permanent meg-
nets the same form and strength of field vhich had yielded the best results when
electromagnets were used. Preliminary testing of this scurce vas conducted near
the close of work under BAB8-42, and sc=s cutstanding performance was recorded
{(greater than ninety per cent propellant utilization at-a discharge input of only
360 ev/ion), indicating exceptiomal promise for this type of source.

After the cessation-of work under the above comtrect, a reviev of the accomplish-
ments, current status, apd future potential vas made, It was decided that further
efforts were desirable and support for such vork was afforded under EASA Comtract

WAS3-2522.

The basic areas of investigation under this comtrect were to be: (1) engine (source)
design, fabrication, mnd test, including additional cathode development; (2) ion.
extraction system studies, both experimental and analytical; (3) neutrelization.
studies (experimental); (4) ion engine life tests; and (5) porous diffuser studies
(for mercury propellant phase separation). The following sections of this report
will discuss in some detail the work performed in each of these area. A brief
survey of the progress made in these general areas, hovever, may be made here,

Source studies were conducted primarily with two engines, each of nominal 5 cm
aperture length. A variety of source configuretions were studied, inclwling
internal geometries and spacings, and magnetic field variations. (both strength and
shading). Additional cathode development work led to the fabrication and test

of -improved performance cathodes. Near the end of the program, hovever, &-pegres«
sion of the cathode. performance hnlvmmmaal no-direct cause vas -
determined. . The requiremsnt of more -severe semission characteristics demmunded by- -
the -design -changes -experisaced near the end.of the progrem-may- bhave. been: the-cquse
of the apparent loss.of-cathode performance; the presence of an unknown poisoning
agent also may have contributed.



Extraction studies were carried out vith a variety of accel-decel geometries,
Initially these geometries were fittad to sources vhose magnetic fields were pro-
vided by electromagnets, thus affording experimental latitude in that magnetic field
strength could be varied and/or balanced,

The mutual interactioms between ion source and extraction system vere studied and
the effects of varicus accel-decel geometries and voltages, cathode location, ete.
vere established. later extraction studies with a permanent magnet ion source.
yielded substantially the same low electrode curremt dyains and good beam focusing
without a sacrifice in source power or propellant efficiency.

The experimental extraction efforts were supplemented by an analytical (digital
computer) effort. The result of this vork wvas the prediction of charge-exchange
rates, resulting. electrode impingement areas, and a predicted erosion pattern for
an extraction geometry similar to that which evolved 25 a result of the experi-
mantation,

Neutralization efforts succeeded in producing current neutralization, although-
neutralizer currents typically exceeded the total beam current. Efforts to impwove
the neutralizer-to-beam coupling were deliberately limited in favor of additiomsl
effart in other areas of the pregram.

The low electrode interceptions obtained as a result of the extraction system
studies led to the initiation of life testing of the permmnent magnet engine
system utilizing a laboretory propellant feed system. Two such life tests were
pexformed. The first, of seventy hours duration, was deliberately terminated
vhen the engine performance had become influenced by alumirum sputtered back from
the beam target, The second test proceeded to completion and was terminated after
about 104 hours of operation. These extended tests shawed very little evidence of
vear in the critical (focusing) regions of the extraction system and, as will be
seen in a subsequent. section, have provided experimemtal evidence in support of
the theoretical prediction of long system lifetimes.

Parous -diffuser (mercury wetting) tests were conducted over 500 hours; no wetting
of a parous.graphite diffuser was observed during this time. Such a unit ultimtely
could be incarporated imto a mercury feed mte-totnncticuuthepbumw.

'nmrammmm,wmumwmamwvmhw

in considerably mope -detail.  The brief survey presented adove is intended %0 serve
as a background and to indicate the general areas of effort under the program.
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2.0 TECHENICAL DESCRIPTION OF PROGRAM

- 2.1 Ion Engine Design and Testing

2.1.1 Introduction

The work described in this section initially was concerned with the develop-
ment of an ion extraction system miking use of an ion source which was not of optimm
design but which was suitable as a source of ions. It soon became evident, however,
that extraction system development could not proceed independently of the source
development. Furthermore, it was intended initially that the computer program
vould lead the way by prescribing suitable geometries for testing. It was soon
evident, however, that the experimental progream was far more fruitful than the
coxputer program; many geometries resulting from simple thecretical considerations
could be tested and evaluated before even one geometry could be inserted into the
computer progrem. It thms turned out that a suitable extraction system geometry
was established experimentally, and this geometry subsequently was used in the gomp- -
puter program to determine the charge exchange rate, charge-exchange ion trajectories,
and the accel electrode erosion profile.

Early in the progrem it became evident that the source performance influenced the
extraction system performance to a large degree., For example, when using electro-
magnets, it was determined that the accel electrode interception depends on the
value of the megnetic field. This may possibly be explained by conjecturing that
the value of the magnetic field affects the properties of the meniscus such that the
meniscus becomes less concave at higher magnetic fields. Hence, increased direct
interception should occur for higher values of magnetic fields. Minimm intercep-
tion appears, therefore, to occur for lover' values of magnetic fields. Howewer,
low magnetic f£ield results in arc characteristics consisting of high values-of arc
current and low values. of arc .voltage, a condition vhich results in-inefficient
source operation. Thus, it was determined early in the program that the extraction
system performence was strongly dependent on the source performance and that the
tvo systems cannot be developed independently. It was at this point of the progream
that the source and extraction system studies were merged.

Throughout the early portion of this program there existed considerable uncertainty

in much of the data due to the uncertainty associated with the feed system employed.
The fwed system,.described im Reference 1, vas originally designed to deliver mercury
at a rate approximately ten times the.rate used.in the early portion. of this progrem.
The effect of cperating at cme-tenth of the design flow rete is to multiply the
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associated uncertaipties by a factor of ten. Hence, the ecsthined error produced by
room temperature fluctuation and system time constant could result in relative errors
as large as 100 per cent. Not until this problem was recognized and remedial steps
were taken to decrease the system time constant and to reduce the effects of room
temperature fluctuations was it possible to report data of high reliability. How»
ever, the effects of room temperature fluctuation on the feed system had notl beem
cc-ple'telyennimtedlttheend otthem; for umusually severe room temper-
ature changes, feed rate variations as mach as twenty per cent still were observed,
It should be noted, however, that the data considered as reliable vas taken Quring
periods in vhich the temperature fluctustions were minimal.

2.1.2 Program Chronology

The extraction system developmsnt progrem vas initiated by attempting to
demonstrate the possibility of atiaining a flat-to-conoave meniscus at the source
extraction aperture. The inttial testing made use of a one-inch engine vhich is
referred to as the magnetic foousing model; this engine employed a tungsten vire
cathode rather than a nickel mtrix fype. (It hed been previcusly demcnstrated
that -the electron energy distribution in the plasma is the same for each kind of
cathode.) The extraction gecmetry utilized is shown in Figure 1; a simple accel
electrode made of carbon vas used. Note the asymmetry of the aceeleration electrodes
due to sag of the supports during preheating of the electrodes. Acceleration elec-

trode preheating vas found to be necessary to sufficiently outgas the carbon electrodes

such that high voltage operation could be achieved without flashovers. The pre-
beating was accomplished by applying a moderate voltage to the acceleration electrode
(~ 10 kxv) and increasing the beam current until the impingement was obtained inside
the accelerating electrode channel. The ispimgement region was kept at lesst 0.5 cm
dovnstream of the channel entrance to avoid sputtering back of electrode material

on the source. Heating by ion bombardment was continmued until the carbon accel
electrodes showed a dull red color. After sufficient outgassing the acceleration
potential was raised to 16.5 kv at vhich voltage a flat meniscus and a focused bean
were observed.

After successfully demonstrating that the attainment of a flat meniscus was possible,
it was decided to modify the facility to emable the operation.of an accel-decel
system rather than the simple sccel used earlier; in sddition, neutrelizaticn
cathodes vere installed. Therefore,.additional high voltage feed-throughs were in-
stalled as vwell as sufficient additiomsl low voliage feed-throughs for adequate
control and metering, A complete ion engine system containing accel and decel
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electrodes as well as neutralization cathodes was then fabricated and installed. I¢
was expected that this initial accel-decel extraction system would not be optimum;
hovever, the purpose of these initial tests was first to comstruct an operating
system vhich would provide experience in operating such systems and second to uncover
any unexpected problem areas,

A suftable extraction system should bave the following characteristics: First, it
lhmldhe-lhhtomlndfthMWMMdmitymehﬂltm
direct impingement of the primary ion beam on the acceleration electrode cam be
mde vanishingly amll. Secand, the geometry of the system should be such that its
lifetime as determined by the sputtering rate due to charge exchange is large.
Third, the ions should be delivered to the exit of the extraction system vith the
desired specific impulse and in the form of & parallel beam. . The initial accel-
deeel system wvas designed to be comsistent with the above remirsmants and is showmn
in Figure 2. To a first spproximation the extractiom geometry (the geometry be-
tween the accel electrode and the source) was essentially the well-known Pierce
geometry for the space-chargs flow of a parallel beem from a slit source. The
surface angle af the source, however, vas 26° instead of the required 22.5° for
the ideal Pierce geometry. This angle was incresged in an attempt to provide
additional focusing because of the possibility of slightly rounded edges on the
source meniscus. A typical meniscus shape as observed during operstion is showm
in Figure 2. Betveen the accelsration electrodes is a drift region in which the
ions drift at essentially constant velocity and the beam expands due to the nmaturel
repulsion of the ions. The contour of the inside surfaces of the acgel electrode
was chosen to follow the profile of the beam. The length of the dpift region vas
chosen to be . as long as possible and yet emable the focusing of the accel~decel
slit to produce a parallel beam.

The choice of the extraction geometry paremeters was guided to a first approxima-
tion by three equations (MKS units):

v = 4,06 x 10° (3/&5)2/3 x:/) (1)
I=N_e (EA/)()]'/ 2. ' (25
y/y; =1+ 299 x10° Jx""!/vB/2 o | | (3) |

vhere v is the minimum-potential for mmt&mm current deasity,
3 %, is the acceleration distance, l{o s 8 corpection factor vhich is equal to
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1 for the idealized Pierce geometyy but is less than 1 for other geometries, 1!* is
the ion demsity of the plasma Just inside the meniscus, e is the electronic charge,
EA is the average electron energy in the plasmm, M is the mass of the mercury atom,
Yy is the width of the ion beam vwhich is initially to’ and x is the position at which
the beam width is y. Equation (1) is Child's lav modified by the factor K . Since
K, $ 1, 1t is implied that the extraction efficiency for a specific realistic
geometyy is less than for the idealized Pierce geometry. Egquation (2) is a state-
ment of the maximm ion current density vhich can be extructed from the plasms
through the meniscus. This maximum current density depends on the plasma ion den-
sity and the average electron energy inside the plasma. Equation (3) 1s a statement
of the beam blow-up in the drift region between the acceleration electrodes. If it
is assumed that the maximum current density as given by Equation (2) is to be ex~
tracted, then Equation (1) implies that for low values of extraction potential, the
acceleration distance should be small, Howsver, according to Equation (3), a smsll
acceleration potential difference results in a repid beam blow-up vhich in turn
requires that the length of the acceleration elactrode be smll if the decelsration
elsctrode is to be able to refocus the beam. For a short scceleratiocn electrode,
however, the mtteéhg"nte-m unit area due to charge exchange may be excessive,
Guided by the above relationships, an extraction electrode 2 cm. long and an accel
electrode to source distahce of 2.2 mm vere chosen.

For the first test of the extraction system of Figure 2 the mercury flow rate vas

set for a current density of 64 ma/cw® or 32 ma total beam current for the one-inch
source; however, it was found that the source operated poorly at this flow rate
yielding-a propellant utilization of only 30 per cent. Iater tesis shoved that

upon dropping the input mercury flow rate, an increase in propellant utilization

vas obtained, and for a mercury flovw rete of 1k.5 ma (29 n/cla) a propellant uti-
lization on the order of 100 per cent was obtained at an arc condition of 710 eV/icm.

The necessity of operating at the-low curvemt density lsvel of 29 -./cm:2 was due to

the - improper positioning of the source cathode in ths cathode chamber. The depen-
dence of source cperation on - cathode position will be discussed later. Table 1 -

lists the data obtained for this extraction system and Figure 3 shows the circuit

schematic for the system.

Note that as the extraction potential wvas increased above 14 kv the source current
increased above 14.5 ma, the value of -the merowry input flow rate. It is believed
that the observed propellant utilization values in-excess of 100 per cent were due
to the existence of an uncertainty (Wlich vas unknown at the time) in the value of
the input mercury feed rate,
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Table 1
Data for Jon Engine Extraction Test No. &

Accel Current (mm) Y 6 3 2
Target Current (mm) 8.5 12 13 13
Source Current- (ma) 1 16 16 17

\ Feutralizer Carrent (ma) 1 1 1 1

| Arc Current (amp) . 0.h5 10.60 0.63 0.70

| Arc VYoltage (volts) 3 21 22 28
Accel Voltage (kv) b1 3 18 19 19
Decel Yoltage. {kv) 3 3.3 3.3 3.3
Cathode Temperature (°F) 1550 1580 1680 1580
Filament Current (aap) 8.6 8.6 8.6 8.6
Pilament Voltage (voits) 2 2 2 2.
Bquivalent Mercury Flow (mm) .5 A5 .5 1k,5
Propellant Utilization (%) 96 110 10 u7
Tonization Inefficiency 70 880 950 13%

(ev/ion)

Limited tests of the neutralization cathodes also were conducted at this time. The
neutralization cathodes, vhich were the simple tungsten wire type, vere turned om
and they emitted up to 10 ma of current to the beam; & reduction of the target cur-
rent by the same amount resulted. Thus, current neutralization appeared to be pos-
sible at that time.

A further area of mmstimtm vas that of meniscus shape. A qulimive descrip-
tion of the observed dependence of meniscus shape on extraction potential is showmn
in ¥igure 4. For iew acoel potentimls (<1 kv) the plasma extends well into the
accel electrode region, and all of -the beam current impinges directly on the
electrode. . As the potential is increased (~1 kv) the plasma dravs back towards

the source, the center region of the plasma changing from pointed to blunt. A.

still further potential increase (> 10 kv) moves the meniscus back-to the source -
slit, and the meniscus becomes flat although the edges may remmin scmesvhat rounded.
Aszvtheanuaufhtmamlhlmuammmthemhntm
region;- in addition, &t -10 kv.the -beam blow-up in the drift region  is such that the
bean- impinges-upon the-accel-elsctrode.  As-the accel potentia)-difference is- in~-
creased; the position oe- Aimpdngenent moves deeper into-the drify. -vegien and for M
'Jhxvitmammmmntmmeuehm S OO

1
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Sketch of the Meniscus Shape for Several Values
~of Extraction Potential
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Equation (3) explicitly shows that the beam Blow-up should decrease with increasing
potential difference for a constant curreant demsity, in agreement with the gualita-
tive description given above,

In this initisl investigation of extraction systems quilitative agreement with the
simple theory specified by Equations (1) to (3) appesred to exist. Curremt meutrali-
lization appeared to be simply accomplished; however, mo- information about space-
charge neutralization was obtained. Extzaction snd focusing of an ion beam of den-
sity 30 ma/cu® had beean acocmplished; hovever, scme questions about the mature of
the current registered by the accel elsctrode.ammster existed, Was the accel cur-
rent direct impingement of the beam from the rounded edges of the meniscus, was 1t
scattering of the incident ions by residual gasses in the system (the accel electrode
current reduced with reduction of background pressure), or was it current leakage
across the insulators or across the gap between the extraction elsctrode and the
scurce due o0 a high mercury atom density in this region? A detailed investigation
of these possidbilities was one of the goals of the following work.

During the course of the extraction studies and during the concurrent source studies
it was noted that the opsratiom of the source, especially the current demsity for
optimum source performance, appeared to depend on the position of the cathode in-.
the cathode chamber. Previously the cathode chambers vere of minimm size so that
the cathode and the cathode shielding filled the cathode region. Hence the positiom
of the cathode did not wvary appreciadbly. However, during later testing the cathode
chamber dimensions had been increased to improve accessibility and the bulk of the
cathode shielding had decreased bescause of more efficient rediation shielding. As

a result the position of the cathode in the chamber could vary from one test to
another even though a reasomable effort was spent in initial cathode location; thus
the performance of the source varied from test to test. In order to determine the..
correlation between cathode position snd source pressure (input mercury flow rate),
1t was necessary to exposs the cathode to air between each test in order to change
the cathode position. Unfortunately the cathode properties socmetimes change vhen
exposed to air and hence no clear-cut correlation was obtained. A cathode assembly
which could be moved during source operation was then fabricated, tims enabling the
adjustment of the cathode position for optimum source operation at the desired
source current density. Subsequent experimsnts indicated that the cathode-to-cathode
slit separation should be beld to & minimem.,

Because of the outganiﬁg, problems associated -with the utilization of -carbon-elec-
trodes it was decided, at this point, to emplay metallic electrodes to experimentally
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investigate extraction geometries. Since it vas readily available and because of
its high melting tesperature, sheet tantalum was originally used for forming the
electrodes. However, it vas quickly learned that sheet tantalum 0.040 in. thick
tended to sag when heated in this application and thus the extraction system dim-
ensions could not be maintained during testing. Molybdenum 0.04O in. thick was
found to be relatively sag free and thus was used. The 0.040 in. thickness pro-
vided sufficient rigidity vhile retaining ease of fabriecation. Another problem
associated vith metallic electrodes immediately beocams evident; the incressed sput-
tering and increased plating onto the surface of insulating stand-offs resulted in
electrical shorting after relatively short periods of operation. The insulator
shorting vas eliminated, however, by making use of metallic shielding in the form
of concentric cylinders, one cylinder attached to each end of the stand-off insula-
tor. With this shielding, engine operation up to 21 kv vas possible for sufficient
periods.

Several varistions of the extraction system geomstry vere investigated at this

point in the program. Common {0 all geometries tested was a source to accelsretion
electrode spacing of 2 mm and a separation between the two acceleration electrodes
of 3 mm. The variations vhich were investigated were the length of the accelsre~-
tion electrode and the angle of the source frontal surface., The acceleration elec-
trode length variation led to a comparison between a measured and thecretical deter-
mination of beam perveance; the source angle investigation indicated that for 26° an
interception of approximately 20 per cent occurred vhile for 45° the interception
was ten per cent or lower.

The purpose of the extraction system testing during this period was two-fold. The
early testing concentrated on determining the aspect ratio and perveance associated
with the extraction electrode system. Iater testing vas directed towards evalu-
ating the system with respect to erosion rete, per cent direct interception by the
accel electrode, and oversll engine efficiency.

Two important parameters used in- describing ion optical systems are the aspect
ratio and the perveance. The aspect ratio, R, is defined by the equation
2. 2)
E- —
x

° L
vhere D-is the dismeter of a circle having the same area as the emitting region
of the source, and x_ is the acceleration distance. The perveance, P, is defined
by the relation : - '
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3/2
P= 15/ Vac

vhere Is is the source current and vac is the acceleration potential difference,

The perveance is a scale invariant property of an optical system depending only on

the system geometry and ratio of charge to mmss of the ion.

During early testing of the extraction systems utilizing molybdemum electrodes, it |
wvas observed that the position of the direct beam impingement was readily observable
because of the green fluorescence present at the point of impingement. For a con-

stant extraction current the position of impingement.depends upon the extraction

potential and moves away from the source as the potential increases. It became

evident that an investigation of the beam properties may be effected by observing

the minimmm potential difference required to pass the beam through the accel elec-

trode region. Referring to Figures 5 and £, it is readily seen that the parsabolic

. beam edge is defined by the accel electrode geometry for the case vhere the beam

edge just grazes the exit end of the accel elactrode region. For these tests the
currents to the target, screen, and decel electrode were added together and read

by one meter since for these tests there was no interest in the division of the

current to these regions. The data wvas taken by observing the position of the
accel electrode on which the beam impinged due to the self blow-up of the beam
in this region. As the extraction voltage was increased the impingement position
wvas made to move awvay from the source and finally off of the back end of the
electrode. The voltage which took the beam off of the back end of the electrode
vas recorded and is presented in Table 2. Note that for the same current den-
sity the shorter electrode requires lover voltage. In each case the potential
difference as a function of beam current was obtained for the condition of beam
grazing at the exit end of the accel electrode, For the geometry of Figure 5,
the calculated perveance increased almost linearly with beam current while for
the geometry of Figure 6 the perveance was found to be essentially constant, as
would be normally expected. For comparison, the perveance for each geometry
was calculated using the relation for the beam blow-up

Y/Y =1+3.81x10° & (-3‘—)
° R®

X
[

vhere for this geometry

R = 15.9
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Electrode

Source ;

Frontal Surface

Figure 5
Extraction System Geometry Used to Investigate Beam Profiles.

The I,’ervegnce Determined by the Indicated Beam Edge is
4.1 x 1077 MKS Units for an Aspect Ratio of 15.9.
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Accel
Electrode

Source
Frontal Surface

Extraction System Geometry Used to Investigate Beam Profiles.
The Perveance Determined by the Indicated Beam Edge is

Figure 6
1
9.6 x 10~9 for an Aspect Ratio of 15.9. |
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Table 2

Data Obtained from the Beam Profile Investigatiom.

Percent

Soulce Target Decel Accel Decel Perveance X 109 Inbare: ’:::m
Current Cuwrregt Curremt Vo VQlta.ge s/a, CoPtiem 7 el
(mn) (mn) () (kv (kv)  (amp/(volt)” <) (9) (W0 torr)
Geometry of Figure 5
10 T.5 2.5 15.5 2.5 5.2 25 10
15 1.5 h 17.4 2.5 6.5 26 b 4
5 16 9 19 2.5 9.5 36 6
30 20 1 23 2.5 10.6 3 °
Geometry of Figure 6
10 8 2 1.5 2.5 8.1 20 5
15 12 2 1.8 2.5 1.7 13 ?
20 15 b5  Lh 2.5 1.6 22 ?
25 'm 6 17 2.5 1.3 2h ?
8 18 10 21 2.5 9.k 35 3
20



The perveance values expbessed in MKS units were found to be 4.1 x 10~ and 9.6 x
1079 for the geometries of Figures 5 and 6 respectively. The perveance values cal-
culated by the two methods indicated apparent good agreement for Figure 6 but fior
Figure 5 the measured perveance was high, The high values were possibly due to the
highbackgr-oundpressnrerlO'stoJnxlo'svhichm'evaﬂ.edduringtheexperi-
mentation.and which produced excessive scattering resulting in an appareyt increase
of the beam spread for the geometry of Pigure 5. On the other hand vhile testing
thegemtryofrignreéabacmndpremmthemgejxm{tohxm'6
torr reduced the scattering to a negligible level. This information about the
effect of background pressure level has led to the conclusion that during future
testing the system pressure should be nmtainnd.beLwSxm'Gtmmorderto

perform meaningful determinations of interception ratios.

The initial accel electrode testing indicated the importance of background pres-
sure and illnstrated the degree to which Equations (1) to (3) predicted the
performance aof the general gecmeiries used. Subsequently, effort was directed to
testing a sequence of accel-decel designs. The first design tested ip that showm
in Figure 7; data obtained in testing this configuretion is presented in Table 3,
The source used in this testing was one-inch long and made use of a tungsten .
cathode., The circuit diagram of the metering circuits is presented in Figure 3.
The engine power efficiency for each case was computed from tle equation

Yo T

. de
Power Efficiency = S— - s S—
ey Ve g * Igo + o) + Vpo Lo + Vo I

vhere Vg 1s the source ionization inefficiency expressed in eV/ion. The data of
Teble 5 were taken during three different test periods which are referred to by
the mumbers 1, 2,-and5aypearingasthefirstinteaerinthemn_rmmta

Set No. The second mumber, appearing behind the dseimal point, is the data set
obtained during the particular test period. The best performance may be noted

to have occurred during test period 1 vhere the interception levels are betvween

5 and 10 per cent at 20 ma/cm’, up to 8 and 13 at 60 ma/cm®. The engine effici-
encies defined previously for test period 1 vary from 67 per cent at 20 m/a
dovn to U3 per cent at 60 ma/cm® and tend to increase with decreasing accel/decel
voltage ratio. Test periods 2 and 3 do not display as favorable performance levels
as does test period 1. This may well be.an indication of the criticality of
electrode. positioning since all three geometries were made "identical”. Note the
date under columns 3.9, 3.11, and -3.15. -For these conditions the source effici-
encies were 150, 168, and 167 eV/ion respectively for utilizations of 50, 67, and
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Acceleration
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Scale: 1/4 in = 1 mm

Figure 7
Extraction System Geometry, Design No. &
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82 per cent and current demsities of 30, 40, and 50 m/ca®., Thus, very efficient
source operation was experienced during these runs; however, low engine efficiency
was experienced, i.e,, 4T to 33 per cent. This low engime efficiency was due to
the low percentage of source current which arrived at the target even though the
interception ratio (ratio of accel current to source current) wvas low. A relatively
large decel interception was the problem.

The effort was then directed towards increasing the percentage of the through beam
by consideration of the accel-decel geometry; in this manner it wvas expected that
the foomsing would be improved by testing a series of extraction geometries. The
abridged data of the testing during this period is shown in Table 4, Design No. 9
as shown in Figure 8 vas studied early in this period and is a modification of the
gecmetry of Design Fo. 6, shovn in Figure 7. As compared to Design No. 6 the accel
electrode of Design No. 9 is shorter in order to reduce the accel electrode impinge-
ment due to beam blow-up in accel electrode region; furthermore, the decel slsctrcds
is placed behind the accel electrode. The purpose for such positioning of the decel
electrode was two-fold. First the separation between the decel electrode was in-
creased to reduce the direct impingement, and second, the overlap behind the hccel
electrode was expected to catch loms which egter the accel-decel electrode gap. In
previous designs haviing no overlap, ions which entered this region struck the back
side of the accel electrode as evidenced by the luminescent spot at the impingement
position. With the decel electrode thus positiomed the back side bowbardment .of the
accel electrode was eliminated and the current to the decel electrode was greatly
reduced. Associated with this geometry there was, however, the possibility of poor
beam focusing because of the remote position of the decel electrode.

To provide better focusing the geometry was modified to yield Design No. 10 as
shown in Figure 9. In this design the”aecel and decel electrodes are again in
line. The exit side of the accel electrode region was widened to reduce impinge-
ment due to beam blow-up in the accel region; & second reason was to reduce the
chance that ions could get into the accel-decel gap and thus result in accel.
electrode back side impingement. For this geometry the accel elecirode impingement
was between 1 and 3 per cent at 20 ma (40 ma/ca®) and was between 3 and 5 per cent
at 30 ma (60 ma/cm?).

The final geometric variation examined in this period, Design Wo. 11, is shown in
Pigure 10. In this case the sccel and decel electrode configuration vas the same
@8 in Design No. 10 but the gecmetry of the source extraction slit vas modified in
pccordance with the dhta reported in Reference 2, The source slit geometry of
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of Design No. 11 appeared to produce less interception than for the previously
employed source slit geomeiries although the data at this point was not definitive
since the interception at 60 ma/cm® is less for Design No. 11 than for Design No.
10 but the data at 40 ma/cn?® is not conclusive. It was decided that further testing
would be necessary before definite conclusions gould be drawn.

At this point in the program, it wvas believed that the accel-~source spacing needed
optimizing. Tims a means of varying the distance between the source slit and ex-
traction electrode during engine operation was fabricated. The.resulis obtained
using the movable system are given in Figure 11, vhere the accel interception as

& function of extraction voltage is shown for several accel electrode-source separ-
ations. The extracted curremt for these curves was 30 ma (60 m/cx’) and the mini-
mm interception obtained was approximately 1 ma, thus the minimm interception
level was approximately three per cent. The interception increases from 5.3 per
cent to 5.3 per cent as the separation is increased from 1.0 mm to 2 mm. The above
data wvas obtained using Design No. 1l with the exception that the source-accel
electrode spacing was variable. Note that the optimum spacing for this geometry is
determined to be 1 mm.

The total accel interception now had been decreased to a level vhere the next
logical step appeared to be one of gaining knowledge of erosion patterns. Theres.
fere, the extraction geometry reported as Design NWo. 1l was used at this point to
determine the erosion patiern associated with such an extraction system. The

test lasted for a duration of 30 hours and wvas terminated by the breaking of &
stand~-off insulator. The resulting erosion pattern is shown in Figure 12 and the
typical operating comditions are given in Table 5. Study of the erosion pattern
revealed that relatively little sputtering occurred at the focusing edge of the
accel electrode; in fact, almost negligible sputtering occurred farther forward
than the eroded line which 18 evident in Figure 12. It was presumed that this
line resulted from the focusing of the charge exchange ions formed in the acceler-
ation region. Beyond this line the sputtering appeared to be distributed uniformly
over the surface except for several shallow longitudinal lines; these lines carried
over ocnto the decel electrode, where they were much deeper. It was presumed that
the decel electrode interception was due to beam blow-up and that the occurrense of

~ the longitudinal crevices indicated beam nonuniformity.

During the 30 hour run the currents intercepted by both electrodes were about equal;.
Rence it might be anticipated that the electrodes would have comparable erosion ratss
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Table 5
Operating Conditions that Existed During the Study of
Extraction System Design No. 11

Mercury Feed Rate, ma 34.0
Source Current, ma 30.0
Target Current, ma 1.5
Accel Current, ms 1.0 -
Decel Current, ma 0.7
Screen Current, ma 1.8
Accel Voltage, kv k.2
Decel Voltage, kv 8.0
Arc Current, amp 1.03
Arc Voltage, volts 26.0
Filament Current, amp 6.5
Filament Voltage, volts 13.5
Img;:;n Inefficiency, 89%.0
Propellant Utilization, % 88.0
Power Efficiency, % 63.5
Rocket Efficiency, % 55.9
Accel Interception, % 3.3
Pressure, (107 torr) 7.0

if the ions incident on each electrode have comparable energies. The observed
erosion, however, indicated that the decel electrode was eroded two to three times
as much as the accel electrode. This difference may have been because the ions
that struck the decel electrode had higher kinetic energy than those which impinged
upon the accel electrode, or if the ion energies to each electrode ‘vere the same,

then the sputtering rates of the two electroles may have been different.. The

accel electrode was made of tantalum and the decel electrode of mplybdenum.
According to the results of G. K. Wehner (Reference 3) the sputtering rates of.

Ta and Mo are comparable in the renge of icn energy from 150 to 500 eV, the Ta
mte being about ten per cent higher. If this relationship can be extrapolated to
higher ion energies then the observed difference in total sputtering of the two
electrodes must have been due to a difference in incident ion emergy and mot to
different sputtering rates. These arguments led to the conclusion that the decel
electrode.current was due to beam blow up resulting in the incident ions having-

- about 8 kev of kinetic energy while the accel electrode current is due primarily
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to charge exchange since this is the only way that the incident ions can have a
resultant kinetic energy less than 8 kev. Im order to support the above conclusion
an approximete calculation of the peroémt acoel electrode interception due to
charge exchange vas performed making use of the equation

Fewt gl
vhere I, = charge exchange current to the aceel electrode

IB = ion source current

Na = propellant utilization

I‘.E = mercury feed rate in amp equivalent
¢ = charge exchange cross section

n sthemctprohbhthsmlnloéityoflmhemotnw

L = the width of the potential well in which the charge exchange
ions are produced and trapped resulting in a curremt to the
accel electrode. '

A = effective accel channel cross section
e = electronic charge

For a mercury feed rate of 34 ma, a propellant utilization of 88 per cent, a charge
exphange cross-section equal to 62 x ].0'16 cne, (Reference 4) a neutral gas temper-
ature of 530°K, and a potential well width of 1.5 cm, the charge exchange current
relative to the beam current wvas calculated to be 2.2 per cent, a value compareble
to the measured value of 3.3 per cent shown in Table 5. Hence, there was no
detectable contradiction in assuming that the measured accel electrode current was

predominantly charge exchange.

Further support of this assumption vas obtained from the observation that the accel
electrode current reduces as the accel/decel ratio is reduced (i.e., by holding the
accel potential constant and reducing the accel-decel potentisl difference). This

operation 18 in the direction of reducing the depth and the width of the potential

well, resulting in & reduction of L of Equation (h).

‘The current to the decel elsctrode probably was due to beam blow-up vhich .could
' not be compensated for by the focusing action of the accel-decel slit. It was
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concluded that the reduction of this current could be accomplished through the
reduction of the length of the accel electrode. This would have two effects. The
first would be to reduce the width and divergence of the beam upon entering the
accel-decel gap. The decel electrodes could then be more closely spaced and could
result in stronger focusing, presenting the possibility of compensating for the
beam blow-up. The second effect would be a reduction of the quantity, L, in
Equation (4). Hence the charge-exchange current would be reduced.

The contour of the decel ercsiomn indicated a beam nonmuniformity which was composed
of two parts, one which was smoothly varying resulting in maximum current density

in the geometric center of the beam and the other which was localized producing the
crevices which are evident in Figure 12. It was concluded that the mmoothly varying
portion was due to end effects or to distribution of the incoming mercury vapor.

In order to investigate these factors a two inch electromsgnetic engine was con-
structed.

Incorporated in this two-inch engine was the ability to vary the position of the
cathode relative to the cathode slit, the ability to vary the distance between the
accel electrode and the source, and a means of directing the input mercury vapor
into the source cathode chamber, into the source anode chamber, or dividing it

into any proportion between the two chambers. It was early determined, in support
of previous data, that best engine performance was obtained when all of the mercury
vapor was directed into the anode chamber.

Typical performance data of the two-inch electrommgnetic engine is indicated in
Table 6, and the source ionization inefficiency versus propellant utilization for
this engine is given in Figure 13. Figure 1k shows the extraction geametry used.
In order to investigate the nature of the current to the accel electrode a measure-
ment of the accel current as a function of propellant utilization was made, main-
taining the accel and decel potentials at 15 kv.and 8 kv respectively; the input
mercury flow mte was constant at 66.5 ma. Figure 15 provides a plot of the data
points in the form of percent accel electrode interception versus (1 - 771:)’ where
the propellant utilization was varied by adjusting the arc conditions at constant
mercury flow rate, It is evident from the plot that the data points can be fitted
to a good approximation by a straight line if the points in the vicinity of 80-to-
90 per cent utilization .are excluded. Recalling Equation (4) it is seen that if
the width of the potential well-is independent of or & very veak function of the
ourrent density then the percent interception is a limear function.of {1.-7) i)
and the experimental points should fit a straight line. The observed deviation - -
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Table 6
Typical Performance Data of the
Two Inch Electromsgnetic Engine During the Testing of 10/4/63.

Mercury Feed Rate, ma 66.5 66.5 66.5
Source Current, ma 60.0 55.0 50.0
Accel Current, ma 1.0 0.90 0.89
Target Current, ma 62.0 59.0 53.0
Decel Current, ma 1.7 1.0 0.50
Accel Voltage, kv 15.0 15.0 15.0
Decel Voltage, kv 8.0 8.0 8.0
Arc Current, amp 1.8 1.7 1.4
Arc Voltage, volt 25.5 25.0 21.0
Filament Current, amp 4.6 b 6 4.6
Filament Voltage, volt 7.25 7.25 7.25
Filament Tempersture, °F 1780, 1760. 17hS.
Bource Efficiency, eV/iom 705.0 711..0 588.0
Propellant Utilization, % 90.2 82.7 75.2
Pover Efficiency, % 83.2 84.0 84.0
Overall Efficiency, % 75.1 69.6 63.2
Accel Interception, % 1.67 1.64 1.78
Decel Interception, % 2.84 1.82 1.00
Specific Impulse, sec, 8940, 8940, 8940.
Vaporizer Temperature, °C 238. 238, 238.
Pressure, (10~ torr) 6.0 6.0 6.0
38
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from the linear dependence was probably due to two effects. The first was that the
width of the potential well in reality is a function of the current density and hence
the propellant utilization. This dependence showed up as a deviation from linearity
at low current density. The deviation at the high propellant utilization end was
probably due to a combination of direct impingement and charge exchange, resulting
from the residual mercury background. |This set of data vas taken vhen the accel
and decel voltages arbitrarily were set for minimum interception of & 50 ma beam

(75 per cent utilization). Lower minimum interception would have been obtained if
the accel voltages had been optimized for 60 ma (90 per cent utilization)].

The data reported in Table 6 was obtained making use of a new fast response vaporizer
described in Appendix 4. Previous vaporizers, using a porous plug rather than a
single capillary, had observed response times on the order of hours at the feed rates
employed in the present experiments; observed response times on the order of seconds
vere obtained with the new design. Previous vaporizer designs, therefore., required
long waiting periods fo insure the establishment of equilibrium conditions in the
vaporizer., With the nev vaporizer the waiting periods were on the order of minutes.
The new vaporizer design resulted in a considerable saving of time and increased

the reliability of the feed rate measurements by emabling the immediate observation
of flow rate variations due to external disturbances (room temperature fluctuations)
of the feed system. In additiom to decreasing the response time of the vaporizer
the uncertainties produced by room temperature variations were reduced by Jacketing
the mercury feed line by & tube through which tap water flowed. It is believed

with these imprevements that feed rate measurements were possible to within an
uncertainty of four per cent providing the room temperature held reasonably constant.

At this paint in the program the understanding of the interception currents was
that the current to the accel electroie was due to charge exchange alone, while
the current to the decel electrode was due to direct interception resulting from
nataral beam spread. Thus, it was concluded that reducing the beam spread or
shortening the length of the decel electrode should result in decreased decel cur-
rent while the accel current could be reduced by reducing the charge-exchange rate.

Considering first the decel electrode interception, it was cbserved that without
neutralization the beam spread at a constant current density depended on the decel
voltage in the following way. - As the .decel voltage approaches the accel voltage
the beam spread reduces. Thus, the higher the specific impulse the less the
impingement on the decel electrode. -Since the impingement due to beam spread
occurred at the downstream end of the decel electrode there appeared to be the
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poesibility of reducing the impingement by simply removing this portiom of the
electrode. When this was tried, hovever, it became immediately obvicus that tigls
was not an acceptable solution to reducing the decel impingement. For this case

the beam spread became 80 excessive that some beam was lost to the external vacuum
chamber. Furthermore, the loss of thrust associated with such a highly divergent
beam would be unacceptable. It vas thus concluded that the most meaningful way of
reducing the decel electrode impingement would be to neutralize the beam before
appreciable beam spread takes place. It was then decided to try to neutralize
mking use of oxide oathodes vhich emitted through a slot in the decel electrode.
The decision to use oxide cathodes was based on the desire to visually observe the
beam profile during neutraligation; the light associated with the usage of tungsten
cathodes would have completely obscured the beam luminescence, The extractiom
geomstry utilized is shown in Figure 1h with the addition of an oxide neutralization
cathode mounted behind a slot located one centimeter downstream from the accel-decel
@ap. For this geometry the coupling to the beam was poor, the main porticn of the
current emitted by the neutralizer cathode going back to the socurce rather than to
the beam. The electron current to the source did not have to go between the accel
electrodes but rether went around the accel electrodes avoiding the potential hill
that existed between them. In order to improve the coupling, tungsten wire cathodes
were placed close to the accel-decel gap and close enough to the beam that grazing
occurred. For this case, current neutralization was achieved. However, the neutral-
izer emission current was greater than the beam current; some of the excess current
vent back to the source by some path around the accel electrodes, scme was lost to
the external vacuum chamber, and some went to the decel electrode.

At this point, it was decided to redesign the extraction system to reduce the
neutralizer current to the source in addition to incroporeting other improvements.
Among these was a change from tantalum sheet metal to solid stainless steel elec-
trodes in an attempt to rigidize the system and elimimate the possibility of
thermal warpage. |

The use of stainless steel rather than tungsten or tantalum for solid electrodes
was dictated by both a cost and machinability standpoint. Carbon, which is the
best material from the sputtering standpoint, was not used at this time because

of the associated -outgassing problems. The nev design included halving the length
of the accel electrode to reduce .the charge-exchange rete in-the accel potential -
vell; in addition the length -of the decel electrode was reduced by approximately a
factor of ten in order to -introduce the neutralization before the beam experienced
appreciable blow-up. In addition to changing the extraction geometry, the source
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geometry was changed according to the then existing theory on the source performance.
This theory indicated that for an oxide cathode the cathode slit width should be
larger than requived for operation with a tungsten-wire cathode; this theory vas
shown later to be erronecus. The testing of the stainless steel extraction system
suffered delay because of excessive arcing vhich eventually led to the build up

of conducting whiskers vhich shorted out the extraction electrodes or the source
anode. This excessive arcing was traced to the utilization of a braze in joining
the accel electrodes to their supporting structure, |

The performance of the engine consisting of the magnetic focusing source utilizing
a solid stminless steel extraction system was determined after the brmze joint was
eliminated, The geometry of the engine is shovn in Figure 16. The feed system
employed during the performsnce determination displayed a maximum periodic variation
of seven per cent (Appendix 4) but vas kept below five per cent by taking data at.
the proper angular mosition of the goar drive, Early in the testing of this engine,
it vas found that good extrection conditions were obtained for accel voltages from
15 to 17 kv, decel voltage at 8 kv, and current densities in the range of 50 to TO
m/ca®, However, after scme arcing had occurred it vas found that the accel vol-
tage required. increased to 19 t0-20 kv for minimum interception at the same curremt
density. Since ome of the main purposes of the test wvas to investigate source per-
formance using & vell-calibrated and stable feed system, it was decided to contimue
the test although due to the arcing damsge to the accel electrodes the performance
of the extraction system vould not be optimpm. Figures 17 and 18 show the data on
source efficiency and propellant utilizatism so cobtained. Also shown is the arc
voltage which is in the thirty volt range for propellant utilizations above 90 per
eent. In this voltage range it is possible to have approximately seven per sent
double ionization according to N, L. Milder (Reference 4), This double ionizatiom
rate was measured in the Ksufman type ion engine and, therefore, may not necessarily
have the effect of yielding & measured value of propellant utilization which is
higher than the actual value. Double ionization, vhich appears to be possible for
arc voltages above 20 volts, together with an uncertainty in the feed rate on the
order of four per cent can explain the attainment of utilization values as high as
105 per cent. Prom Figures 17 and 18 it is seen that approximately 650 eV/ion arc
pover is required to obtain a measured utilization of 95 per cent. Taking into
account the possibility of double ionization reduces this utilization to 88 per cent
if & seven per cent correction is applicable to this engime. The determination of
the appropriate correction must await measurement of the deva’ole imimtion rate by
mnsofane/namlysisofthebem
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Figures 19 and 20 show the engine power efficiency, excluding the electromagnet pover,

as & function of propellant utilizstion for two different mercury flow rates. For
both flow rates the paver efficlency shows a maximum value of about 78 per cent in
the 80 to 85 per cent utilization range. It is anticipated that the maximum effici-
ency can be increased and moved to higher utilization values by operating with an
extraction system that has not been damaged hy arcing, It was found after termina-
tion of the testing that arcing had melted a portion of the accel electrode and
that the reshaping of the electrode resulting from solidification of the melted
material had produced a constriction of the accel channel, Thms, in order to focus
through the narrowed channel, higher accel voltages were required. Since 19.5 kv
represents a safe upper limit above vhich considereble arcing is encountered, it
was found for 19.5 kv of accel voltage that minimum accel interception occurvred at
85 per cent utilization for 70.5 ma equivalent mercury flow snd at 80 per cent for
80.5 ma Hg flow, For higher utilization, the increased beam spreading results in
higher interception values. Figures 21 and 22 present the sccel interception versus
propellant utilization for the two flow retes. The increased interception in the
90 per cent range was due not to charge exchange but to beam expansion resulting

in direct impingement occurring at the exit end of the sccel channel. Because of
the location of the direct impingement, it is anticipated that any resulting second-
ary electrons did not go back to the source, but rather vent to the decel electrode.
Hence, these electrons, if present, did not result in an errcneocusly high memsure-
ment of propellant utilization. For utilization values below that for minimum
interception, Figures 21 and 22 display the linear dependence as was predicted by
assuming that the measured accel electrode current was due only to charge exchange
occurring in the potential well of the accel electrode.

As a check on-the internal consistency of the current measurement to the various

electrodes a plot of the total current detected at the extraction system electrodes,
the calorimeter, and the shield was determined as a function of the measured cur- ..
rent from the source; this plot is shown in Figure 23. It is seen that the maximum
deviations were less than three per cent which is within the accuracy of the meters.

It vas decided at this time not to use stainless steel in future fabrication of
extraction systems. because of.its relatively low melting temperature.- It was
believed by apm-oprj,stely shaping tantalum sheet -ntal, that surﬁcient rigidity

tantalum accidental-arcing would not produce the severe cha.nges of geometry as vere

;experieuced twing stainless steel.
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Baving obtained favorable engine performance utilizating electromagnets it was de-
cided, in accordance vith contractual obligations, tc convert the magnetic focusing
electromgnet engine to permmnent megnet oparation. The performance of the mag-
netic focusing permanent magnet engine is displayed in Figures 24 and 25. It is
seen from the figures that for 90 per cent propellant utilization, the arc ioniza-
tion efficiency is 625 eV/ion, the arc voltage is 36 volts, and the rocket effici-
ency is 66 per cent for s specific impulse of 8950 seconds. It is thus seen that
the conversion to permanent msgnet operation involves no fundamental difficulties
and yields performance characteristics similar to those obtaimable utilizing

electromagnets.

At this point in the program some significant results were being obtained in the
source development portion of the effort. Because of the implications of these
results vith respect to the overall engine development, it is appropriate that these
results should he mentioned here,

Throughout the program, effort has been expended on investigating the performsnce
properties of a permmnent magnet source based an the electrostatic focusing design
depicted in Figure 26. This is the source vhich displayed the favorable character-
istics vhich vere reported in Reference 1. Early in the present program, it was
also believed that this source displayed excellent performance characteristics;
however, the good performance was not reliably repeatable. Subsequently, after
converting to a fast response vaporizer and accurately calibrating the positive
displacement feed system it was found that the source as 11'.9.:151:04 vas limited

in propellant utilization to the range of 60 to 7O per cent depending sn the fesd
reate. From past experience (Reference 1) such performance was indicative of the
migration of low energy electrons directly to the'anode withowt acquiring suf-.
ficient kinetic energy for ionization. The relative mumber of such low kinetic
energy electrons was found to depend on the width of the cathode slit relative to
the anode chamber width. The source performance for several values of cathode
slit width, therefore, was determined and is presented in Figure 27. It is seen
that as the cathode slit width is reduced from 2 mm to 0.7 mm, the performance

of the source improves considerably. The anode chamber width wvas maintained at

2 mnm,

It 1s evident that the{ narrow slit width yields the most eftic,iép't performance ;
hoiv'evﬁe'r,i cathode performance requirements become rather severe in that.as thg

s1it width is reduced the effective cathode emissicn area is also reduced. Higher
emission current densities are, therefore, required necessitating increased cathode
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temperature vith the associated additiomal power loss. This situation may be avoided
to some extent by scaling the engine to a large size, maintaining a suitable ratio
for the anode chamber width to the cathode slit width. Preliminary thoughts con-
cerning the effect of such scaling revealed that no fundamental obstacles should be
encountered. It wvas anticipated that the total beam current would remain the

same and since the frontal wrea depends primarily on the magnet size and not on

the exit slit width, the thrust per unit area should not change appreciably. The
reduction of current density should, however, reduce the charge-exchange rete.

Thus, not only would the cathode lifetime be increased, but in addition, an increase
in accel electrode lifetime should be realized.

The performance of the scaled-up engine is indicated in Figures 25 and 28. Com~
paring this performance with that indicated in Figure 2i for the engine having a
2-mm anode region width, it is seen that a significant improvement in engine per-
formance resulted from scaling up ths engine width., Not only was the rocket effi-
ciency incressed from 66 per ceunt to 72.5 per cent but the accel electrode inter-
ception at 90 per cent was also reduced from 2.5 per cent to 1.5 per cent, (see
Figure 29) the arc voltage vas reduced from 36 to 30 volts, and the cathode temper-
ature (for the same cathode in both cases) vas reduced from 20007 °F down to the
range 1750 to 1850°F. A substantial increase in lifetime, therefore, should be
realized. This is the engine which was used in the life testing, the concluding
portions of the program.

2.1.3 Computer Solutions

In the period preceding the start of this contract a computer program to
aid in the design and analysis of the ion acceleration system had been written to
run on the IBM 7070 at the Data Processing Center of TRW Equipment Group. This was
begun under Contract NMAS8-42. During the course of the present contract the com-
puter program wvas modified and debugged. Due to symmetry, an acceleration system
of the linear types under study is fully defined by its cross section perpendicular
to the long direction of the source slit. For numerical representation in the
computer and for computation, there is superimposed on the cross section a grid of
mesh lines intersecting each other at mesh points; the computer stores and operates
upon values of electrostatic potential and charge density corresponding to the
locations of mesh points in the defining cross section. The computer program is
more fully described in Appendix 1 of this report.

Computer runs vere carried out for two elecirode configurations. One configur-
ation, used for checking out the program, vas a source-accel geometry with the
59
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plasma-ion interface (the meniscus) represented by a straight line across the
opening in the source. A pair of decel electrodes was included in the second
configuration, and a concave meniscus was assumed. This configuration was sug-
gested by experimental results which wvere then available and is illustrated in
Figure 30. Two cases were evaluated using the computer. One was for an accel
electrode voltage of -10,000 volts and & decel electrode voltage of -2,500 volts
relative to the source; the other was for an accel voltage of -15,000 wolts and
a decel voltage of -7,500 volts. The solutions for these two cases are treated
in the paregraphs bBelow.

Case I (-10, -2.5 kv). The final solution that was obtained by the computer for

the configuratisn of Figure 30 vhen the accel and decel potentials were set, respecs-

tively, at 10 and 2.5 kilovolts negative with respect to the source is probably the
best solution to have been reached up to the present, in the sense that the com-
puted beam shape and meniscus shape approached most closely those that would paysi-
cally occur with the assumed conditions of beam current, electrode configuration,
and electrode voltage. Earlier computer runs had solved accurately the flat menis-
cus case and cases of other meniscus shapes, but the flat meniscus solutions do
not give strong enough focusing to represent properly a beam emerging from a slit;
the runs with curved meniscus shapes had previously assumed, as input, a flat dis-
tribution of current along the width of the source slit.

The computed beam and meniscus -shapes for the -10, -2.5 kv solution are presemted
in Figure 31.  The ion beam focuses somevhat and then spreads widely at this low
accelerating voltage. At the downstream end, the accel channel is almost com-
Pletely filled by the beam, vhich then impinges on the decel electrodes. The lack
of conformity of the beam to the channel was anticipated, since the channel con-
tour (a parebola) had been established with a 15 kiloyolt accelerating potenmtial
difference in mind. For 10 kilovolis the accel channel should be shortened and
re-contoured. The computed meniscus shape is shown as a rough succession of line
segments because the- computer was programmed only to determine the meniscus
position to within one mesh langth (the distance betveen adjacent mesh points).
Analysis of the trejectories of beam ions in the computer ocutput for this solutiom
indicates that the roughness of the computed meniscus had only a small effect on
the beam shape, causing it to spread more widely than it should.

One objective of this computer run.-was to study the effect.-of the decelerating
electrode-in bringing -about refocusing of the ion beam.- Study of the beam ien
trajectories shows a very slight, insignificant refocusing effect. Only about
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LO per cent of the beam currenmt reached the downstream end of the decel channel,
the remainder being intercepted. The conclusion can be drawn that the decel elec-
trodes ought to be made as short as possible. The function of the accel-decel gap
is primarily not to refocus the beam but to prevent backstreaming of electrons from
the neutralizer into the source.

Ammberotchrge—cmimmeetoriummtdbythecmterfw
this solution, employing & selected set of crestiom locations (i.e., points from
vhich the trejectories start).  No sputtering erosion rates were calculated for
this case; nevertheless, it vas observed that the tips of the accel electrodes,
vhere the precise shape and position are most critical, receive a very small pro-
portion of the total number of charge-exchange ions that are formed. This observa-
tion was borme out by the more complate erosion studies for Case II.

Case II (-15, -7.5 kv). The final solution reached vhen the accel anl decel poten-
tials were set, respectively, at 15 and 7.5 kilovolts negative with respect to the
souwrce displays strong focusing. This iz illustrated in Figure 32. It is apparent
that the accel electrodes could safely be brought comsiderably closer together
without encountering direct besm impingemsut.

This solution exhibits also ome effect of the roughness in the computed meniscus
shape. The steep outer slopes of the central convexity caused certain beam ion
trajectories in the computed solution to diverge more than the cother trajectories,
and the beam shape was significantly affected as a comsequence. If the convex
portion of the meniscus had been smoother (and there is even some doubt that it
should be there at all), then the diverging portion of the beam would have been
narrover, and it might have passed cleanly through the decel channel.

The extent to vhich the beam is refocused by the decel electrodes is barely
visible in Figure 32, and bears out the remarks mmde for Case X; the change in
angle due to refocusing in this case is not more than about one degree.

For Case II, after a sslected set of charge-emohange iop trsjectories on the com-
puter wvas generated, a calculation of the relative erosion retes .along several
portions of the accel electrodes was carried out. The channel face of an accel
electrode was partitioned into four segments, and the inter-electrode regions
vere comupondmrprut;oud in such a way that charge exchange ions created
in any ,sub-region vould land somevhere -on the corresponding segment, Figure 33
shows the manner of partitioning the accel electrodes into segments; also shown -
are the major regions in the ion beam vhere charge-exchange ions are created that
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cause erosion on the accel segments. The carrespondence between the sub-regions
and the segments is given by the mumbering in the illnstretion with the additionsl)
remark that none of the charge-exchange ions created in the numbered sub-regions
cross the symmetry axis.

The sputtering erosion rates based on the partitions described above included only
the sputtering due to charge-exchange ions. A more complete treatment would have
included the effect of charge-exchange neutral atoms (vhich before the charge
exchange collision vere beam.ions). In a long accel channel these neutrals may
increase the erosion rate on the downstream segments of the electrodes.

The calculation yielded these results:

Accel Relative Rate
Segment, of Erosion

164
b5%
25¢%
g

As these results show, the erosion rete is greatest near the middle of the channel
(perhaps peaking about one-third af the way from the electrode tips). Since the.
precise contour in the most affected segments is not important in shaping the iomn
beam, a possible way of spreading this sputtering dammge over a larger ares is to
hollow cut this portion of each accel electrode; such a procedure could have the
further benefit of allowing many of the sputtered atome to recondense within the
hollowed-out portion.

E A B B

2.2 Source Studies

2.2.1 Introduction

Throughout the course of the program two source designs were under
investigation. One design referred to as the magnetic focusing source was used
Primarily to study extraction phencmsna. The magnetic field for this source was.

provided by electromagnets throughout most of the program; conversion of this source

to permanent magnet operation vas accomplished prior to life testing. The other
design referred to as . the elgetmtstic focusing source bas-been used for the
stuﬂvofthepemtmtm muhtemtum,thepﬂme
of the-two sources was vastly different with the nguetic focusing design smrll
1y displaying superior charcteristics. Previous to the commencemsut of this
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contract effort, it was believed that the performance of the two sources was about
the same with the electrostatic focusing source being somevhat superior. The fimal
status is that the two sources again display approximately the same performance;

hovever, the magnetic focusing engine appears to be slightly superior. The efforts
necessary to lead up to this status vere many; the main ones wvere as follows:

1. Determining the influence of the cathode slit vidth and selecting

2. Determining that all appropriate components of the source are main-
tained at a sufficiently high ambient temperature to insure that no
mercury condensafion results in a reduction of net mercury feed rate
and lster, if the ambient temperature increases, provides an additiomal
mercury feed yielding the possibility of greater than 100 per cent pro-
pellant utilization.

3. Improving the design of the mercury vaporizer to dzcrease its response
time from hours down to séconds thus enabling the establishment of
equilibrium conditions within minutes after changing the mercury feed
rate and also enmadling the immediate observation of flow rate varia-

. tions due to extermal disturbances of the feed system.

h, Observing and redueing the variations in the feed rate due to imper-
fect mechanical alignmment and room temperature fluctuations.

5. Impxovirg the cathode performance such that reliable operation over
a range of temperatures can be obtained for many days of engine testing.

6. Determining the effect of cathode position and selecting the optimum
position.

2.2.2 Source Chronology

The initial scurce studies vere directed towards determining the
characteristics of the 5~cm long permsnent magnet source established late in

the effort under Comtrect MASS8-hk2, The cross-section of this source is shown

in Pigure 26. Initial studies were considerably impeded due to a cathode heating
problem encountered when going from a one-inch to a two-inch length of cathode.
The problem due to the increase in necessary heater pover was that the required
filament temperature limited the filament lifetime to less than ten minutes,
Tuo measures were taken at that time. The first was to improve the thermal com-
tact between the hoater and the csthods. by wbtiliziug svaged heaters. For expedi-
ency and experimental flexibility the heaters previcus to this time were made from
wmm%osmthmesmmrM. Singe
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the wire size was usually less than the hole size poor thermal contact vas inherent
in this design. The second measure wvas to improve the cathode shielding or insula-
tion. Itmfemllin:mncknﬂntbyphcingthickhyersofuzosm-
der between the nickel foil heat shields of the cathode that the conductive loss
through the shielding vas considerably reduced. However, this design was not suit-
able in the source itself because of the difficulty in outgassing the powder layers
between the rudiation shields. m“eottbgllz05powderm, therefore, termi-
nated. The improved thermal contact provided by the swaged heaters, hovever, suf~
ficiently reduced the filament temperature (in spite of the poor cathode shielding)
to allov the daily operstion of the cathode for as long as one week.

The charecteristics-of the two-inch permanent magnet engine obtained early in the
progream are shown in Figure 3i. This early performance data, however, had lavge
uncertainties associated with it,. Particularly, the uncertainties with respect
to the mercury feed rate may have been as high as 100 per cent although at that
time the meamitulds of this uncertainty was not known.

At -this point, it became evident that the cathodes which had been developed -were
not as reliable as anticipated.. Earlier, upon svitching from the use. .of double
carbonate to the use of tripls carbonate as the emission mix material, both 20
per-cent by weight in the nickel matrix cathode, a drop in the necessary cathode
temperature from 1850°F down to 1600°F was experienced. It was, therefore, pre-
maturely concluded that the attainment of suitable operating characteristics had
been achieved., However, later cathode material, fabricated in the same way, turned
out to have poor emission properties. Because of the importance of dependable
cathode performance on the significant testing of the source and the extraction

‘system it was decided to delay the source testing and make a concentrated attack

on the cathode problem. A detailed discussion of the cathode development program
my be found in Section 2.3.

The source study wvas. resumed -after a delay of approximately five months, during
vhich time the cathode development program had yielded improved cathode perfor-
mance and study of the mercury feed system had resulted in design modification
leading to a system of short respomse time having a reduced sensitivity to room
temperature fluctuations (see Appendix 4), The performance of the permanent mag-
net engine which utilizes electrostatic focusing had not been well established
until-thimtip»in»tho programn-and the unexpected results were that the source-
displayed considerably poorer utilization and efficiency than expected. Tt was
found that the propellant utilization limited to values léss than 100 per cemnt,
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the limiting value depending on the mercury flow rate. This type of performance was
indicative of either excessive scattering of electrons resulting in & poor electron
energy distribution or poor electron trepping in the anode region due either to
improper magnetic field strength or the presence of transverse electric fields re-
sulting from excessive charge density. In order to determine the effect of in-
creasing the trapping efficiency by increasing the magnetic field strength, the
source was modified to accept a permanent mmgnet vhich provided a 40 per cent
increase in the field strength. For this increased field, no significant improve-
ment of the socurce was cbserved.

It wvas, therefore, concluded that the limiting utilization was most likely due to
an unfavorabls elsctron energy distribution. PFast experience had revealed that the
relative number of low enexrgy electrons wvas affected by the size of the cathode
slit width relative to the anode chamber width. An investigation of the dependence
of the source performance on the relative size of the cathode sliit width was then
undertaken, The results of this investigation have already been shown in Figure
27. It is seen there that marked improvement of the source performance is realized
as the cathode slit vidth is reduced from 2 mm down to 0.7 mm, the anode chamber
width being held at 2 mm. |

Although the reduction of the cathode slit width improved the source performance
vith respect to increasing the propellant utilization and the ionization efficiency,
it wvas found to adversely affect the arc chsmcﬁeristica and the cathode require-
ments because of the reduction of the effective cathode area requiring an increase
in emission current density. The increased emission density was achieved by in-
creasing the cathode temperature or operating at higher arc voltages. Both of
these alternatives, however, tend to reduce the cathode lifetime, the increased
voltage leading to increased sputtering and the elevated temperature leading to
increased evaporation. In addition, the higher arc voltage increased the proba-
bility of producing double ionization. Because of a practical upper limit of
2000°F to the cathode temperature, based on the amount of pover that can be trans-
ferred by the existing cathode heaters and based on the evaporation rate of nickel
vhich exceeds that of the emitting material, it was found that the arc voltages

of 30 volts or more were necessary in order to achieve propellant utilization
values in the 90 per cent renge. Thus, the ‘cost of improving the source perfor-
mance vag an -increased sputtering rete and the possibility of an - increased double .
ionization rate. There existed,.however,.a possibility of avoiding this situation
by scaling the engine to a size consistent with lower cathode temperature, sand
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lower arc voltage, i.e., requiring lower emission current demsities. This scaling
vas in the direction of increasing the dimension of the engine relative to the
cathode dimension.

Scaling up of the source was performed for the magnetic focusing source in conjunc-
tion with the engine testing portion of the program; the electrostatic focusing
source was not scaled up because of a change in progrem emphasis which occurred

at that time. The sequence of events was that the informmtion concerning the perti-
nent gecmetric retio obtained from testing the electrostatic focusing source vas
applied to the magnetic focusing source because this was the source vhich wvas being
operated in a total engine (source plus extraction system). At this point in the
program the emphasis wvas being directed towards total engine performance, vhile re-
search leading to component (source alone) optimization was being deemphasized.
There also existed the belief that component optimization without regard to the
interaction of the component to the system may not lead to system optimizatiom.
Thus, at this point of time, the source development portion of the program merged
with the engine development portion. Since the engine system which existed at

this point included the magnetic focusing source and the performance of the exist-
ing system was promising, further work on the elsctrostatic focusing source vas.
reduced to a negligible level. The results of scaling the source and engine have
been discussed in detail in Section 2.1.2 and will not be further discussed here.

2.5 Cathode Development

2.53.1 Introductiom

The cathode development work begun and reported under Contract NAS8-U42
bas been continued and extended. The major activity in this area has centered om
sintered nickel matrix cathodes. Before describing the specific results obtained,
it is améprnte to review briefh some of the more general requirements, charact-
eristics, and problems inherent in cathodes suitable for use in bomberdment ion
engines. Cathodes for both arc or ionization chamber and neutralization are of
it erest. The requirements for the former are comsiderably more stringent than
for the latter; consequently, the major portiom of the discussion to follow will
deal primarily with cathodes for use in ionization (arc) chambers of electron-
bombardment engines.

Simply stated, the essential purpose of. the cathode in an electron-bombardment
ion engine is to provide a supply of electrons to the iomization- chamber where
they collide with and ionize the propellant cto- For this 1on;zaticn process
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to occur efficiently, the electron emission must have certain characteristics. In
a plit aperture geometry, for example, the emission should be spatially uniform
over the cathode area 8o that the corresponding ionization is uniform along the
entire slit length of the source; this in turn insures uniform extracted ion cur-

rent densities and minimizes locally excessive electrode current drains and undue
extraction system wear.

Clearly then the cathode behavior is seen to exert a strong influence on the
engine performance. This becomes even more obvious when it is remembered that
the cathode consumes power and represents a limitation on engine efficiency.
Suitable cathodes, therefore, combine a variety of characteristics, including:

1. Emitted current densities of severel amperes/cm® at reascnable
temperatures (near 1700°F).

2. Uniformly emitted current over the cathode area.

3. Conétant emissive properties in time over extended periods of
operation (i.e., long life).

k. Reliable, reproducible, and predictable operation.

5. Ease of activation.

6. Resistance to sputtering.

7. The attainment of all of the above characteristics in the
enviromment of an operating engine.

The basic cathode emission process consists of freeing electrons from the surface
of the cathode. To do this requires the expenditure of work, the measure of vhich
is the "work function”. This work function can to a large extent be controlled
during the cathode fabrication process; that is, a properly fabricated cathode
can be made to emit electrons with a minimum energy expenditure by having a low
vork function. This behavior is described by Richardson's equation, viz.,

3y = AT? exp ( -p/ar) (5)

vhere Js is the saturated (temperature limited) current density, AR is Richardson's
constant, gbu the work function, T is the absolute temperature and k is the
Boltzmann constant. From the above equation, it is clear that for a fixed temper-
ature vhich implies a fixed emergy imput to the cathode, the emitted current demsity
may be increased for a decreased value of vork function. The goal of the uthode
program described herein, therefore, was to develop cathodes with sufficiently low
vork function and sufficiently high value of Richardson's constant so as to yield
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adequately high emitted electron current densities with a sufficiently low invest-
ment of heating power; such performance was to be obtained vhile maintaining the

"other desired clhmracteristics listed above.

The traditional method of lowering the work function of a metal so as to enhance
electron emission for a given temperature has been to provide a surface layer
coverage on the cathode, the coverage usually consisting of a thin layer of the
oxides of barium, strontium, and calcium in appropriate ratios. Usually these
oxides are introduced in the fors of their carbomates vhich are subsequently dis-
sociated as follows:

(Ba, Sr, Ca) 0O === (B, sr, Ca) 0 + co, (6)

This is followed by the reduction of a portion of the oxide by the addition of an

appropriate reducing agent to yield the metal, since it has been found that a small

admixture of the metal with its oxide yields the lowest value of work function.
The carbonates may be introduced to the cathode base metal as a coating or may be
impregnated into a porous matrix of the base cathode material; the cathodes re-
qnlting from the latter method are termed "porous matrix" cathodes. 'The work
here reported bas dealt exclusively with porous matrix cathodes in which a com-
mercial emission carbonmate mixture is distributed throughout a sintered nickel

matrix. Relative to other proposed cathode types, the nickel matrix cathodes have
been shown to recover better from sputtering damage and other accidental situations,

can provide higher operational reliability, and can operate at high partial pres-
sures of gases which would poison the emission of other types of cathodes (Refer-
ence 6). Furthermore, the matrix cathodes activate well and compare favorably
on a current density at equal temperature basis.

2.3.2 Cathode Fabrication

The sml;eréd nickel matrix cathodes studied under this program were
fabricated using standard powder metallurgical techniques. With some minor vari-
ations, the fabrication procedure has been to thoroughly mix carbonyl nickel
powder (4 to 7 micron particle size), a commercial mixture of alkaline earth
carbonates (G.E. No. 118-5-2), and & reducing agent (if used) in a ball mill,

The mixture is then hydrostatically pressed into slugs at 36,000 psi and then
sintered, The sintering process forms the nickel matrix through the high temper-
ature bonding of the individual perticles and also-serves to change much of the .

carbonates to oxides. The sintéring' process 1s a crucial step m’the”dretemmtioq 7
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of the properties of the resultant cathode. Because of this, variations in the
sintering schedule were studied, inclnding time and temperature effects and the
environmental effects of vacuum versus a hydrogen atmosphere. These will be dis-
cussed in more detail below.

Initial consideration of the sintering process reveals that two important processes
occur. The first is the sintering itself and the second i3 the decomposition of the
Ba, 8r, Ca, carbonates to form the oxides upon releasing CO,. The degree of sin-
tering, vhich determines the structural properties and the porosity of the cathode
structure, is determined by the sintering temperature and the time maintained at
the sintering temperature. If the sintering has not proceeded to a sufficient
degree then the cathode material is of high porosity, is soft, and breaks easily
while machining. If the sintering is allowed to proceed too far then the machin-
ability approaches that of solid nickel and the porosity of the material becomes

80 lov that the cathode activation time becomes excessive. Thus, the degree of
sintering determines the machinability as well as the porosity or the length of

the activation time. On the other hand, the desired activation time depends om

the use of the particular cathode. For example, the initial developmental testing
of an ion engine system is expedited if the cathode activation time is short, vhile
for engine lifetime testing a cathode having a long activation time is required
since cathode lifetime is in the first approximation proportional to the activation
time providing excessive sputtering is not encountered. Tims, the intended use

of the particular cathode determines the necessary degree of sintering.

The second process occurring during sintering is the carbonate decomposition de-
scribed in Equation (6). Not until these reactions proceed completely to the -
right is it possible for the cathode to have good emission characteristics, since
the presence of the carbomate is poisonous to the emitting surface. This poison-
ing effect has been observed in this laboratory as well as in others.

Upon examining the processes of importance during sintering it becomes apparent
that the sintering environment is unimportant as %ong as it is inert and capable
of removing the 002 as fast as it is evolved, Thus, it was anticipated that the
standard procedure of sintering in a hydrogen atmosphere.should produce the same
cathode characteristics as resulted by sintering -in vacuum employing an inductiom
furnace. Sintering was performed  in a hydrogen atmosphere at atmospheric pressure
and-in . a vacaum.at 107% torr for various cathode campositions and the resulting
emission characteristics. investigated, The results indicated -no difference in the
resulting emission characteristics except that the hydrogen sintering resulted in
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gassy cathodes compared to those fabricated by vaecuum sintering. This was reason-
ably expected since the 002 evolution rate vas readily detected in the vacuum sin-
tering making it possible to determine the completion of the decomposition reaction.
For the hydrogen sintering the completion of decomposition was determined by trial

and error.

It is generally believed for oxide cathodes that the attainment of a surface of
low work function requireé that a small amount of free barium metal be present in
the (Ba, Sr, Ca) O coating of the cathode. The decomposition of Ba0 may occur
thermally, and calculation of the vapor pressure of the resulting barium from the
reaction

Ba0 —eBa + = O (7

2 2
yieldsavaporpressureontheorderoflo'létorratlhio'r. On the other hand

the reaction

aaaO+%w—.§-m5woG+m (8)
results in a barium vapor pressure on the order of 10! torr at the same temper-
ature. Hence a substantial increase in the available free barium should be obtained
by adding a reducing agent such as tungsten. Tests performed in this laboretory
have indicated that the addition of up to four per cent by weight of tungsten re-
sulted unexpectedly in cathodes of poor characterisites; however, one per cent by
veight of Zrna ¥ielded more promising reuslts in agreement with the work reported
by C. P. Hadley, et al, (Reference 7). The poor performance of the tungsten acti~
vated cathodes may possibly have been due to the reaction '

BaCO.

>3

U | '
+ 3 W73 Ba,li0g + C0 (9)

vwhich is highly favorable at temperatures above 1000°C where the sintering wvas
carried out. Below this temperature the decomposition reactim is favared; the
reaction rate, however, is so slov that a time of 1000 mins. may be required to
complete the reaction (Reference 8)..

2.3.5 Cathode Testing 7

Early in the progranm, imovemntiin cathode -performance was  obtained
by using & commercially available triple carbonate emitter mix (G.E. No. 118-5-2)
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instead of the double carbonate (G.E. No. 118-5-1) used previously in vork dome
under NAS8-42. (Reference 1) The triple carbonate resulted in a cathode which
could emit a current demsity up to 1.5 a.np/cng for a cathode temperature as low
as 1520°F as compared to required temperatures between 1750°F to 1800°F for the
double carbonate.

Further evaluations of the triple carbonate emitter mix followed employing three
cathodes run simltaneously in an identidal environment. The cathodes were com-
posed of the triple carbonate emitter mix, twenty per cemt by weight, and powdered
nickel, eighty per cent by weight, and vere tested continuocusly for nine days. All
three demonstrated good emission, the ability to stop and start repestedly, and the
ability to withstand exposure to air. Minimam cathode temperatures for stable oper-
ation at various vapor pressures were determined; satureted emission and cathode
emission curves for several vapor pressures also were obtained during thes course. of
the tests. The cathodes including the heaters showed no sign of performance loss
or any indication that long life could not be realized. The tests vere concluded
after nine days because it was felt that the maximm amount of useful informmtion
bad been obtained and that time could be better spent in a redirection of effort
and an improvement in the cathode test facility.

Figure 35 is a typical saturation emission curve for one of the triple carbonate
cathodes after it had been operated contimuously for a period of nine days. Replot-
ting the data in the form of a Richardson's plot results in Figure 36. From the
slope of the curve, the work function is found to be approximately 1.0 eV with ¥
Richardson's constant on the order of 1 x 10°2 a.qp/cna - (°K)2. The data points of
the cathode temperature as measured by thermocouples, and restarting the arc. The
arc would start at about 11 VDC. The current would almost immediately reach the
value shown and thereafter would not increase even though the voltage wvas raised
as high as 60 volts momentarily. The parameter which had a large effect on the
arc stability was the mercury pressure. Despite the fact that a precise comtrol
or -ea.surehantvof the mercury vapor pressure was not possible, a rough measure-
ment of a pressure (or at least a pressure range) was obtainable. A thermometer
was used to determine the temperature of a mercury pool and hence the mercury
vapor pressure, providing the system had no cold spots. A check was afforded with
a thermocouple vacuum gauge. To establish conditions for stable arc operation,
an experiment to establish the minimmm cathode temperature as a function of mer-
cury vapor pressure was performed; emission was maintained at 1.1 amperes and
25 volts. A plot of this minimum cathode temperature for stable operatiom
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is given in Figure 37. The actual vapor pressure was between the limits shown as
determined by the liquid pool temperature and a thermocouple gauge, and is more
likely to be near the temperature determinetion. The thermocouple gauge is believed
to have been in error due to condensation of mercury in the neck of the gauge.

As vork progressed, it became apparent that cathode emission characteristics were
not as reproducible as had been anticipated. The initial change from the double
to the triple carbonate, both 20 per cent carbonate by weight indeed had showm
substantial improvement, viz., a drop in the required operating temperature from
1800°F to 1600°F for equal emitted current demsities. To conclude, hovever, that
suitable operating chamacteristics had been achieved wvas premature; subsequent
cathodes containing the triple carbonate and fabricated "identically” yielded
relatively poor emission properties.

The fundamental importance of dependable cathodes performance on meaningful ion-
source and extraction system testing made a concentrated cathode effort a paramount
task., The first step vas to use those cathode materials believed to the most pro-
mising in an experimental investigation of the effect of the sintering schedule

on the emission properties, Prior schedules were suspected of being far too long,
resulting in excessive sintering of the nickel and the attendent reduction of the
pore size.. The activation times may bave been excessive because of the Flov rate

of migration of the oxides through the small pores. Possibly the pores had become
disconnected and no migration at all occurred. It was planned, therefore, to deter-
mine the emission properties of several cathodes as a function of the sintering times
for sintering times ranging from O to 60 mimutes. In addition, the effect of
adding a reducing agent (tungsten powder or zirconium hydride) was to be determined.

Relatively long term testing was undertaken in both a high vacuum and a mercury
atmosphere. Specifically in a mercury atmosphere a test duration of 125 hours was
accomplished for a 20 per cent triple carbomate, 80 per cent porous nickel cathode.
During the test period the emission vas maintained at approximmtely two amperes
per square centimeter for temperatures in the vicinity of 1800°F and anode poten-
tials from 10 to 15 volts. No degradation of performance was observed during the
testing period. The termination of the test was not due to a failure but rather
to initiate testing of other cathode mterials.

Tests were conducted on two cathodes in the high vacuum (3 x :I.O"»6 torr) diode test

facility. The performance capability of the cathodes was investigated by bringing
the cathodes to the desired operating temperature and applying a time varying

81




Jd, @miusadwa], SpoyIe)

06LT 0591 0661 OSHT  oOHT  GLET
[}
b
~——— m
—
/
"~ sfned O 0c
;
o 8
_— g 5 G
. < ) % m‘y.
o &
3 & k
y
I3 UOWISY, / 08 m W
/ _ £
wi
; g
o2t




potential difference across the diode in order to display the curremt-voltage char-
acteristics on a cathode ray oscilloscope. The typical anode to cathode separatiomns
vere 0.030 inches and applied potential differences up to 1200 volts were used. The
preliminary results of the two cathode tests are shown in Figures 38 and 39. The
former shows the characteristics of a cathode which contains one per cent zirconium
hydride activator with 20 per cent triple carbonate emitter mix and the remainder
powdered nickel. The emission area of this cathode vas 0.80 cm®. The cathode
shown in Figure 39 was identical in manmufacturing technigque but the hydride activa~
tor was eliminated and replaced by nickel. The ares of this cathode vas 0.9% caZ.
Comparison of the data indicated that the hydride-activated cathode had approxi-
mately 50 per cent greater emission capability than the unactivated unit. FMurther-
more, the performance obtained over a period of time generally indicated that the
hydride activated cathode appeared to improve slightly in performance over a period
of several days. The cathode without the activator appeared to decrease in perfor-
mance after tvo days of operation. The performance level of the zirconium hydride
cathodes, was entirely sufficient for use in the engine testing. Zero field cur-
rent densities exceeding 1 amp per square centimeter could be obtained reliably

at temperatures of approximately 1800°F. The lifetime of these cathodes including
their swaged heaters appeared to be vell in excess of 200 hours, the arbitrary limit
of the initial test durations. Subsequently, tests of over 500 hours duration were
conducted in a mercury vapor test facility. The test conditions were 2 alp/ cla at
1800°F. 1In addition, ion source tests were conducted with cathode emission currents
in excess of 1.5 amp per cn2 at a temperature of 1500°F. In the high vacuum test
facilty (2 x lO’6 torr) an emission current demsity of 1.5 a!lp/cma required
temperatures on the order of 1800°F. It is suspected that the presence of hydro-
carbons in the high vacuum system even at pressures in the 1076 range vas suffici-
ent to poison the cathode. In the engines and in the mercury vapor test facility
it is suspected that the presence of the mercury wapor inhibited the influx of

the hydrocarbons; hence little, if any, poisoning was experiénced. The cathodes
used in the ion engines also have been exposed to air for as many as three times
(the cathode was cold when exposed to air) without observing any deterioration of
its performance characteristics,

2.3.4 Conclusisns and Recommendations

A substantial improvement in cathode performance was obtained initially
through the use of triple carbonates in the cathode fabrication process. Subse-
quent efforts showed some discrepancies in cathode behavior; consequently a cathode
development program was initiated in order to increase the cathode performance
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dependability. The program was directed towards two specific aspects of the cathode
fabrication procedure; one was an evaluation of the sintering technique and the
other was the use of reducing agents which serve as activators. In order to measure
the resulting cathode properties without having the emission characteristics influ-
enced by external conditions such as positive ion bombardment as present in an are

discharge, a vacuum diode test system was constructed. In addition, cathodes were
tested in a low pressure mercury arec.

The results of the cathode testing program demonstrated the emission capability of
the nickel matrix cathodes and suggested the superiority of the triple over the
double carbonate. Furthermore, it wvas found that vacuum sintering was somevhat
more convenient than sintering in a hydrogen atmosphere; the former meihod permitted
the observation of the carbonate decomposition and the attendant carbon dioxide
release. The optimm cathode sintering time was found to coincide with the termi-
nation of the carbonmate decomposition process. A further cathode performance advan-
tage was realized through the use of reducing agents in the activation process.

Two such agents were investigated, 2irconium hydride and tungsten powder, with the
former yielding much better performance. In addition it was found that several
factors must be incorporated into the cathode design for reliable operation in a
bombardment engine. These are:

1. Operation at somewhat higher than the minimum emission temperatures
to insure uniform arcs.

2. Design of the cathodes to be stabilized by heater input rather than
by arc heating.

3. Keep the lead length short even at the expense of slightly higher
pover requirements.

The cathode work reported above was undertaken to provide cathodes suitable for
use in experimental studies of an electron-bombardment ion engine. Although
cathodes optimized with respect to emissive characteristics, life, and reliability
did not constitute a specific goal of this program, a mumber of cathodes with
excellent performance resulted. Subsequent efforts to improve or reproduce
these cathodes showed a number of inconsistencies resulting in a somewhat less
than ideal cathode reliability level. Nonetheless the nickel matrix cathode
still appears to be the -most suitable type, affording both performance.and life
potential. It is felt that additional development efforts-are warranted. . Fur-
ther impetus stems from the requirement for-cathodes-of uniformly good -quality
to insure reliable and meaningful experimental comparisons and evaluations of

engine performance.
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The objectives of future cathode development progreams should include:

1l. Development of higher emission capabilities of cathode stock.

2. Development of materials and processing techniques to insure
consistently high performance and uniformity.

5. Establishment of procedures for storage, bandling, and
machining of cathode stock,

4, Establishment of minimum standards of material guali¥y and
process control factors.

5. Development of more efficient cathode and heater configurations.

6. Development of more suitable, efficient, and reliable mesans of
supporting and electrically connecting cathodes arnd heater ela-
ments in engine assemblies,

2.4 Life Testing
2.4.1 Introduction

The basic objective of this progrem was to determine the feasibility of
attaining long extraction system lifetime at relatively high ion current demsity.
Thus, upon design completion of an ion engine system, tests to enable tl» predic-
tion of attainable lifetime were conducted. The objJect of the testing was to
operate the ion engine system for sufficiently long periods to result in measurable
extraction system erosion. It was decided that a test duration of 100 hours would
be adequate for this purpose.

Two tests were accomplished, one of 70 hours and the other of 100 hours duration.
Termination of the first test at 70 hours was due to electrical shorting of the
extraction electrodes because of the build up of sputtered material on thenm.

This shorting material resulted from sputtering in the beam catching area. Upom
modifying the target area together vith increasing the distance between the tar-
get and the source a second test of 100 hours duration was successfully completed.

2.4.2 Test Procedures

The testing was carried out contimuously in that the tests were run for
24 hours per day. Interruption, however, was necessary approximately overy twelve
hours to refull the mercury feed system. The duration of this interruption was
usually less than 15 minutes. -The pressure-in the vacuum test chamber was main- - -
tained at less than 5 x J.O-G,tbrrmand for approximately 90 per.cemt of the:time the
pressure was less than 2 x m’6 torr. On several occasions, however, the pressure
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vent unintentionally up to the 10~ range during replacement of the liquid nitrogen
supply. Ko deleterious effects appear to have resulted from these short periods of
high pressure.

The engine conditions that existed near the beginning, the middle, and near the

end of the two tests are shown in Table 7. Throughout each test the mercury feed
rate was held constant at 71.9 ma and 71.0 ma for the first and second tests,
respectively. For both tests an attempt was made to maintain the source curremt
above 50 ma vhile attempting to hold the arc current below 30 volts in order to
reduce cathode sputtering and to restrict the production of doubly-ionized mercury.
In order to accomplish this, it was found necessary throughout the tests to increase
gradually the cathode temperature by increasing the cathode power. This in turn
resulted in the gradual reduction of the engine power efficiency.

During the first test, data was taken periodically approximately every half hour
vhile for the second test the data vas taken every hour. The engine configurations
used in the two tests are shown in FPigures 40 and 41. Note that the two configur-
ations are essentially identical except that the acceleration electrode langth
used in the 100 hour test is one half that used in the 7@-hour: test..

2.4.3 Results of Life Testing

-Observations made during life testing have led to the suspicion that
cathode sputtering is occurring at a significant rate for arc voltages as low as
25 volts. This suspicion is suggested by the observation that when the arc is
turned off for a periocd of about five minutes and then reignited the cathode
initially displays improved emission characteristics over that vhich existed
before the arc interruption. About ten minutes after reignitiom, the performance
regressed to that wvhich existed before arc interruption. It is theorized that
this effect is due to sputtering. While the arc wvas off, barium and/or barium
oxjide migrated to the cathode surface at & certain rate dependent upon the
cathode temperature, this rate being greater than the loss of barium and/or barium
oxide from the surface by evaporation. Thus, a good emission surface was built
up during the arc-off period. This was Buggested by the initial display of good
cathode performance after reignition. However, assoclated with the arc is the
bombardment of the cathode by positive ioms producing a sputtering of the cathode:
surface. The sputtering rate at an arc voltage of 25 volis was apparently - greater
than the diffusion rate at 1950°F since upon initially igniting the arc a-voltage
of 25 volts was required to obtain an arc current of approximately one ampere.
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TABLE 7

ENGINE CONDITIORS EXISTING NEAR THE BEGINNING, MIDDLE, AND END
OF THE TO HOUR AND 100 HOUR ENGINE TESTS

70 _Hour Test
10 35 55 10

Hours Hours  Hours Hours
Power Efficiency, % 75.5 Th.b 7.1 74.8
Propellant Utilization, % 75.8 69.5 71.0 T2.2
Rocket Efficiency, % 55.6 51.6 50.5 53.5
Source Current, ma >3 50 51 51
Target Current, ma 53.2 52 55 50.2
Accel Current, m 0.8 0.9 1.05 0.7
Decel Current, ms 1.2 0.3 0.% o.k
Arc Current, amp 1.0 1.2 1.5 0.8
Arc Voltage, volts 28 29 28.5 2
Cathode Power, watt 58.5 61.h 68.4 62.1
Cathode Temperature, °F 1960 1970 éo;o 1930
Accel Voltage, kv 13.8 1.5 15.h 12.5
Decel Voltage, kv _6'0 6.2 | 6.0 5.5
Specific Impulse, sec. T750 7870  T750 Th20

100 Hour Test
50 90
Hours  Hours
5.4 1.5
72.2 73.6
52.8 52.4
51 2
50.8 50.5
0.99 1.1
0.2 0.2
0.92 0.88
28 31
62.% 68.5
1950 1960
| 5.6 5.5
7590 Th20
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The necessary arc voltage to obtain one ampere emission was observed to increase im
8 period of ten mimutes from 25 volts to 30 volts. This suggests that sputtering
vhich reduced the emission capability of the cathode took place. This emission
capability reduction was offset, however, by increasing the applied voltage. It
is assumed that the increased voltage enhanced the cathode emission from a poor
cathode surface by field induced work function reduction or by increased heating
of the cathode surface. It was concluded that the possibility exists that cathode
sputtering does occur for arc voltages as low as 25 volts.

The extrapolated lifetime of the extraction system was calculated by determining
thearetically the dependence of lifetime on the magnitude of the beam current and
the propellant utilization, and then normalizing the resulting equation utilizing
the experimentally determined erosion rate together with an estimate of the maximum
total amount of erosion that can be tolerated. The details of this calculation are
found in Appendix 2, while the results are plotted in Figure 42. It is seen that
the extrapolated lifetime of a tantalum electrode approaches 10,000 hours for &
40 ma beam current at 95 per cent utilization. The use of graphite mltiplies
these curves by a factor of approximately five, yielding the possibility of extrec-
tion system lifetimes in excess of 10,000 hours for a 60 ma beam current and pro-
pellant utilization in excess of 90 per cent.
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5.0 SUMMARY ARD CONCLUSIONS

The results of this progrem may be best summarized by referring to Figures 42 and
b3 vhich present the two most significant parameters in evalusting ion engine per-
formance. Figure 42 presents the predicted extraction electrode lifetime, for
several values of beam current, as a function of propellant utilization. The
mmhasedmmmdemsimntesobtamdhylmgtmmmmm.
It is seen thai for a beam current of 40 ma, a lifetime in excess of 10,000 hours
is predicted providing the propellant utilization is above 95 per cent. In Figure
43, the lower curve presents the extrapolated pover efficiency, at 93 per cent pro-
pellant utilization, as a function of specific impulse. This curve has been gemer-
ated from experimental data obtained at a specific impulse of 9,000 seconds vhich
has then been extrapolated to lower impulse values by assuming the source performance
is independent of specific impulse. The upper curve of Figure 43 represents a resl-
istic goal to which future work should be directed. It is seen that at a specifie
ispulse of 7,500 seconds a useful goal is 85 per cent efficiency at 95 per cemt
propellant utilization. Presently the THW engine can attain 7k per cent power
efficiency at 7,500 seconds specific impulse and 93 per cent propellant utilisatiom.

The simltaneous realization of long extraction system lifetime and high power .
efficiency for high propellant utilization has not been demonstrated. The regquire-
ments for long extraction system life are high propellant utilization coupled with
low residual background mercury pressure. The requirements for high power efficiency
at high propellant utilization are the attaimment of sufficient cathode emission for
low values of arc voltage and low values of cathode temperature. The situation at
the end of the progrem is that for extended operation at high propellant utilisatiom,
high values of arc voltage are required; in order to counteract the sputtering rate
associated with such high arc voltage, high values of cathode temperature are
necessary. The high cathode temperature necessitates excessive power input to the
cathode resuliing in reduced engine efficiency. On the other hand, for short ters
testing the sputtering damage of the cathode does not proceed to the point where
excessive arc voltages and cathode temperatures are required, Kencd; for short
term testing, the good emission characteristics of the cathode are msintained, and
high propellant utilization-and high pover efficiency are achieved, Typical of

this situation is the data presented in Figures 25 and 28 where it is seen that
&5-90 per cent utilization an arc inefficiency of 550 eV/ion is experienced and

& power efficiency of 80 per cent is attained.
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Also an arc voltage of 30 volts at a cathode temperature of approximately 1800°F 1s
required to get 90 per cent propellant utilization. If the operation period is
extended beyond that of a short term test, it is found, after four to five hours of
operation, that setting a limit of 30 volts on the arc voltage and 2000°F on the
cathode temperature results in a reduction of propellant utilization from 90 per
cent to 70 per cent. After this initinl cathode degradation, requiring four to
five hours of operation, it is possible to rejuvenate the cathode by turning off
the arc for periods of five to ten minutes. Upon arc reignition it is found that
high utilization at lower arc voltage is possible; however, the degradation pericd
is now about ten minutes instead of four to five hours. This rejuvenation process
can be repeated many times producing the same results. The condition resulting in
TO per cent utilization at 30 volts of arc potential difference and a cathode
temperature slightly under 2000°F is relatively stable; this is the condition which
existed during the life testing portion of the program., It is clear, therefore,
that the limitations imposed upon the arc voltage and cathode temperature limited
the propeliant utilization during the life testing. The temperature limitation
was imposed to avoid the possibility of filament burn out; the arc voltage limita-
tion was imposed to limit the cathode sputtering rate and to limit the double
ionization probability. Thus, a demonstrated performance of extended testing at
conditions commensurate with maximum lifeitime could not be attained simultaneously
with conditions of maximum power efficiency. Therefore, tests of short duration
displayed conditions of maximum extraction system lifetime and high efficiency;
extended testing produced degradation of the cathode performence resulting in the
limiting of the propellant utilization to a value commensurate with short extraction
systen lifetime.

It is clear that at the heart of the inability to demonstrate similtaneity is the
cathode and the related problem of cathode sputtering which occurs for arc voltages
as lov as 25 volts. This is due to the nature of the source geometry developed to
date and because of the existing cathode Iierfornance characteristics. The problem
is, therefore, a compound one in that the solution lies not only in the improve-
ment of the cathode characteristics but also in the modification of the source
geometry to yield more efficient ionization at lower arc voltages. '

During this program period the groundwork for carrying out a source improvement

program has been laid. The effect of varying the cathode slit width relative to
the anode region width has been studied and a ratio less than 1:3 has been deter-~
mined to be necessary. Scaling of the engine maintaining the 1:3 ratio has been
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studied apd it has been found that incremsing the anode region width from 2 mm to 3
ma results in an improvement of overall engine performance for the same valne of
beam current. Fundamental to increasing the reliability of the angine system test
results was the modification of the mercury feed system vhich decreased the response
time and significantly reduced the error due to room temperature fluctuatiom. Tims,
the indication of how to proceed in the development of the source geametry and the
experience in designing and operating mercury feed systems can be combined to pre-
dict that the contimuation of such a progrem would produce sighificant results.
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APPENDIX 1
DESCRIPTION OF THE COMPUTER PROGRAM

This appendix gives saome of the details of the digital camputer progrem employed

during this contract as an aid 'in the design and analysis of the ion acceleration
system. The results that were obtained by means of the camputer program are dis-
cussedinSectionzl}ofthebodyofthurepm

The computer study begam priocr to the start of this contract and took as its
starting point the amalytical approach of Pierce's Theary and Design of Electron
Beams. In this approach, certain properties of the charged particle beam are
given or assumed, and an electrostatic potential field is spught which satiafies
the beam properties. Pilerce pregents analytic sclutions fora number of simple
cases, but these do not apply djréctly to an optimized acceleration system for an
ion engine. Consideration waes given to approaching the practical problem from the
same direction bui by numerical methods; i.e., to assume a beam and solve for-the
potential. Stable numerical methods to do this, however, did not appear to be
available.

The reverse of Pierce's approach then was tried. In this approach an electrode
configuration and set of electrode potentials are given and a stable numerical

method is made to yield the besm properties. If the solution is not a satisfactory. .
beam then the given data are modified utilizing judgement and experimental informstion,
and the calculation is repeated.

Under Contract NASS-42 a computer program was written for the Burroughs 205 Electrenic
Data Processing System. Due to the relativea:; munmr! size of the Burroughs

205, the accuracy obtainable with this progrmn was. not good enough for effective
utilization of the results. The problem was, therefore. reprogrammed. for the- IBN

7070 Date-Processing System. The new program was in the testing stage vhen the
presex;t contrdet began.

This appendix provides, first, an overall picture of the computer program and,- 7
gecond, a closer lock at. certain featuwres. Reference is occasiondlly mede to the
computer program by the name Ion Optics 3.




GENERAL DESCRIPTION

In applying the camputing equipment available at TRW installatioms in the Cleveland
area to the present research, exceptions to the standard practice necessarily had
to be made. - The accurate joint camputation of electrostatic fields and ion beam
characteristics demanded the use, for data storage, of & relatively large amount of
memory capacity, and it was necessary to segment the program to fit the remaining
storage space. The sé”gnénta;ion.m dome in two ways: the program was brokem into
a number of sequential phases, and one pixase wes subdivided into segmenis which are
brought into the computer not sequentially but in an order determined during the-
running of the program. As was mentioned in Sectiom 2.1.3, the caputer operates
upm-values of electrostatic potential and charge density correspanding to the lo-
catims of mesh points vhich a.re' the intersections farmed in a tvo-dinensional grid
of meqh lines.

The paragraphs which follow dsscribe the applicable hardware and softwvare facilities - -
at TRW's Cleveland installation, the breakdown of the progrex into phases and.ug'*u,
and a typical sequence of phases and segments as- they might be invalved in a.comguter
run. Finally, this section is regarded as an appropriate place to insert the results
of some timing studies that were perfarmed with the pu-ogru

Hardware and Soﬁ:vareﬂtmzpd The mekeup of the camputer program was strmgly
influenced by the caup\rbatioml facilities that are available at the Data Proeeuing
Genter of TRW Eqfipment &-oup. These include a tape-ariented cmﬂguratim of the.
IBM TO70 Data Processing System, with two IBM 140l Deta Processing Systems standing-
nearby to perfarm auxiliary input-output operations. The IEM 7070 bhas approximately
a 10,000 word (;ox) megnetic core memory, & minimum sdd-time of 36 microseconds,

and solid state modular deaién.

It is stand.a.rd practice at this mtallationtowrﬁ:earmarchwogruintho )
FORTRAN. coppiler language, prepare a standard sonroe-hnguage card deck, and trans-
lshethisonthe,m(mourtoamchme 1angnage condensed object deck (and program
listingQ using an TEM 1401 to execute slpbammeric card—tmtape, tape-to-card, -and
tape-to—print functions. Certain conirpl cards are thenm added to the. object deck
(a- common option 16 to have this autmstically done during the punching of the
object dect), FORTRAN-style input cards are prepared and inserted, and the enlarged
deck is processed by-an IBM.TOTO utility program called the PAT (Procedure for
Automatic festing) Compiler; this utility program produces on magpetic tape & PAT
packet.containing as card iﬁges, the object deck alag with the neeessan-y FORTRAN
selir¢Pixien 5 .input cards, ‘loading routines and other utility routines.
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The PAT packet is called imto use by the operator of the computer. The (images
of the) input cards are copied anto & separste tape from which they vill be read
under program control, the object program with its subroutines is loaded into the
computer memory, and the progrem is executed. Customarily, one output tape is
produced .by the program during its execution and, optionally, a memory dump is
written on the seme tape; the output comsists of print-line images. The IBM 1k0L
again is utilized for tbe card-to-tape and tape-to-print operatioms. ' '

PhasesoftheProgru. Since the Ion OQtiquoymammmdnob&llgo
:Lntothelcxcarestcrageotthemm’{o, certain other features of the PAT
system were brought into use.. Sequential phases of the program were written in
FORTRAN and trenslated separstely into machine lenguge (multiple FURTRAN processing
1s not regularly possible at this installsticn, since if would require special
reallotment of tape drives). After testing, the object decks with control cerds
were arranged semzentmly and PAT-campiled, producing s tape vith several PAT
packets on it, one for each object deck included. ~Input cards,’ instead of being
PAT-caupiled -with the object . .decks, were arranged sepa.rate]: as an input deck which
sinply went card-to-tape on the diﬁemt inpuk decks. During a run, each PAT

‘packetmwbecalledintombytheccqmteroperator. Hhct_berq.m;puhtu

called menually by the operatar or automatically by the program, the data portions
of core memory are set to zero in the process; any data, to be saved, must be om
magnetic tape. Beéidzs restart. tapes vhich are saved fram run to run, there may be
two output tepes produced by the pregram, the History tape and the Result tape. If
a memory dump is obtained, it is written am the Histary tape.

The program consisis at present of the following phases:
l, Solution phase. )

2. Close phsase.
3. List phase.
. Equipotential phase.
5. Edit phase.

6. Restart phase.

The - Solutiqm phase of the program is itself too large for memory and is subdivided
into segments, discussed at . scme length belov. - Neither the Solutiom. pha.ae nor its
segaents are included on the same PAT packet tape with the other progran phases.
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The repetitive camputatiogh thet lead to & mmerical énlution are performed in the
Solution phase, and & progress record is kept on the History tape. Certain other
operations that are related to the nmerical solution can elso be performed by
the Solution phase; such as, setting or changing the electrode voltages, and cal-
culating charge exchange ion trajectaries. At the end of the Solution phase the
Close -phase may be called into use axtomatically by the program; alterpatively a
memory dump mey be obteined and the Close phase may be called by the operator.

The Close phase is associsted with the generation of a restart tape. The Solution.
phase generates the first part of the restart tape as a series of restart data sets,
each dne being the latest approach to a solution at the time of its being writteh..
The restart data sets are composed of values of electrostatic potentials and charge
densities apd identifying informatiom. Further information is needed to actually
restart a camputation, and it 1s the Close phase that adds this infarmation to the
restart tape. Specifically, the restart tape is finalized by copying omto it:.

tour segmeirta. of the Solution phase, two data arrays employed by the Solution phase
and all the input data not yet used by the Salutiom phase.

The List phase is capable of extracting from & restart tape euy desired restart
data set. The details of the intermediate or final solutiom thet the data. set
represents are.put on the. Result tape for printing in an easily readsble form. -
 Some information that is useful for cha.rge-eqncha.nge studies is calcnla.ted in the
List phase and included in the output. This phase lists for each appropria.te
‘mesh point:

1. The coordinates of the point in units of the smallest mesh length (the
distance between adjacent mesh points).

2. The electrostatic potential in:volts.
. The charge density in mks wnits, and a proportional gquantity in volts.

. The charge-exchange cross section for iods against neutral atoms in
square metersg. .

?
b

5. The current density in mks units.-
6. A charge.exchange.collision frequency in reciprocal sesonds..

7. The indices for locating the electrostatic potential and change density
in bore 'storage (during the Solution phase).

T™he Eqﬁipotential phase -adds to the output of the- List -pbase by vriting .on-the.

same Result tape the. coardinates of a.ll the intersection points of an equipotenbm
line with the mesh lines which-cross. 1t The vﬂcoordinates are given in units of the
mllestne_éh leﬁgth.‘ This may be done for any reasonsble number of selected
equipotential lines (not mare than forty in the present version).
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meﬁitphasegeneratesanevreatarttape. It may select and modify information
obtained from ope, two, or three old restart tapes.

The Restart phase can be used to start a computation. Operating cn & restart tape,
1t selects a restart ddta set to be placed in storage and pla.ees a record of its
selection on the History tape. Then it copies the four segnen‘bs of the Bolutiom
phage anl the two dats arrays omto other megmetic tepes. When all is in readineds
the Restart phase, without a pause, coffes one of the segments of the Solutiom
phase over itself in core memory and begins to execute the segnant, effecting a
smooth tra.nsiticn into the Solution phase.

Segments of the Solution Phase. The Solution phase 4is the portiom of thq progrem
that carries out the musarical solution. Basic&ll:, the method of solution in-
valves an alternate modification of the electrostatic potential values on the one
hand and the charge density values on the other hand. These two proeessés are
véry different in essence, one being based on a successive overrelaxation procedure
and the other on ion trejectory celculatioms, so the program steps that do these
Jobs have been placed in different segments. In all,. the Solution phase has five
sembs, four of which are stmdmommatictape the Segment tape, andm
brought 1nt¢ core memary one at.a tine under program control. The segments,
although of different lengths, occupy overlapping regions of core beginning at a
particular address (1287) and extending upward.

The five segments are:

1. Inmput segment.
Density segment.
Control segment.
Potential segment.
Start segment.

woE WD

The Input segment reads. and checks input. data, which.contains gsets of parameters
governing various.actions of the Solution phase incluling criteria for exit. An
input data set may also contain a trial solution for an arbitrary electrode
geametry and the data arrays associated with that geometry. The Input segment

pay be called upon to read several input data sets at intervals during the Solutiom
phase; normally the- Salution.phase continPeB until a blank card (image) is em-
comtered on the input-deck tape. One partion of the Input segment initializes
certain varisbles and arrays that are used by the Density segment; this portiom-

is executed prior to every charge density calculstion. The Imput segnentlis.tha_
agency for reading the Density begment into core memory from the Segment taps.
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The Density segment, as its name suggests, calculates charge density values, and
its calculations are based on the current values of electrostatic potential. Two
main steps are involved: c&'l.culaticns of trajectories of ioms in the. bean are
based on the. representatibn in the computer of the electrostatic field; the
trajectories represent an ion beam conﬁguration from which a charge density
distribution is obtained. As an option, the Density segment may record the
calculated trajectories on the History tape. Occasionally, the Denyity segment

may serve merely as & link between the Input segment and the Cmtrol segment, and

may perform no cunput.atims at all. At the cmq:letim of its ﬁmcticn the Density
segment reads the Control segment from the! Segment tape. y
The Control segment is entered from (reai from tape by) either the Density segment:
or the Potential segment. It first writes a restart data set on the restart tape;
then it controls the path vhich the program will fallow. If the exit criteris
included in the current set of input parameters are not yet satidfied, then the
slternate modificetion of potential end density velues will be comtinued; i.e.,

if the Density segment has just ‘beeﬁ executed then the Potential segment will be
entered next, but if the Potential segment has just been executed then the Input
segment will be entered next in order to initialize the variables and arrays that
are used by the Density segment. On the contrary, if the exit criteria are satis-
fied then the alternate execution of the Potential and Density segnents will be
interrupted; in this case, if there is more input data to be read then the Input
segment will be entered, but if there is not then the Solution phawe vill be

ended and the computer will ha:lt before going into the Close phase. Whenever the
Restart phase is used, the first segment to be executed in the Solution phase is
always the Control segment.

The Potential segment calculstes electrostatic potential values, and its Belculations
are based on the current ya.lugs of charge density. At each interior mesh point a
potential value is calculsted, using the current value of charge density at the
point and the current values of electrostatic' potemtial in the neighboshood of the
point, and an overrelaxation factor is applied before the new value is stored. -
This is done for all interior mesh points in sequence, thus accamplishing a sweep
of the eiectrostatic potential field. The Potential segment performs one or more
field sweeps recording the effect of each sweep on the History tape, and then .
exits, the exit criterie being included among the input parameters. At the cdmt-
pletion of its ﬁmction the Potentisl segment reads the Control segment ﬁ'cn the
Segment tape.
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The Start segment was originally used as an agency for entering the Solution
phase. The five segments were originally written and translated sepa.rately'a.nd
PAT compiled together, as has been described sbove for sequential phaseg. During
a run the PAT packets were called into use in sequence. Each of the first four
segments wrote itself onto tape, thereby generating a Segment tape. But the Start
segment did nothing except read the Input segment fram the Segment ta.pe In this
va.y the program was started. After a restart tape had been generated, homer,
the Solution phase was regularly entered by first executing the Restart phase. As
long as an acceptable restart tape is availa.ble there is no occasion to use the

Start segment again.

A Representative Example.  The relationship between the various phases ani seguents

and the way in vhich these are applied to achieve a solution mgy be made clear

by an example. Suppose that 1t 1s desired to study & new geometry, and assume that
the restart tape is available from a previous solution of some other gemmetry. In
planning for the computer run the geometry must first be defined; this includes
establi}shing the mesh in relation to the electrodes, delineating the inter-elec-

'trode bamd.a.ries 2 and assigning relative storege locatioms to the velues of

electrostatic potential and cherge density. Then the trial solution (starting
values of the above field. qtmnt;l.ties) and the two comstent data arrays. 'employed by
the Solution phase are developed. The conduct of the computer rum is planned aad
the input data sets a.redevelcped, the two constait arrays and the trial salution
are included in the first input data set.. The input date sets are key-punched,
verified, and put ca.rd-to-tdpe A ta.pe-to-—printer listing at this time is.

useful as & check. A deck of cards is also prepared that will ca.ll the sequzntia.l
phases from the PAT packet tape.

To start the computer run the PAT packet tape and the old restart tape are mounted
on the IBM TOT0 and the deck of call cards is inserted in the comsole card read.er
The Resta.rt phase. is first to be called. It seleots the last restart data set- -
the one containing the final soclution for the old geametry - from the restart tape,
copies the rse@enté of the Solution phase anto the Segment tape and the two_old
data arrays onto a different tape, the Array tape, and enters the Comtrol segment
of the Solution phage. Here, the computer is in very nearly the seme condition

as vhen the Control segment was entered.for the last time when' the previous run
was performed. It is ready to read input data. Now the machine operator .sub-.
stitutes the new tape of input data sets for the old restart tape; thus the input
data that the computer will read will be the first new input data set. A.new
restart tape is begun by the Control segment, and the first restart data set
written is a duplicate of the selected restart data set containing the ald final
solution.
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The Input segment reads an inmput data set. This will happen as meny times during
the Salution phase 'as there are input data sets to be read, The first set contains
the two new constant data arrays and the trial golution for the new geometry. The
Input segment erases the old data arrays from the Array tape and writes the two

new arrays in their place. (The first of these arrays correlates the coordinates

of mesh points with the relative storage locations of the potential and density -
values. The second array defines the steps to be executed during each field sweep.
The arrays share a portion of core memory analogous to the way the. segments do..

The first array is always in core during the executida of the Density segment, vhile
the second array is in core during the Potential segment.) The trial solution is
put in core memory by the Input segment in place of the final solution from the
previous run. The remaining parsmeters in the fiirst input data set cause the
Density segment not to compute and cesuse the Control segment, after it writes another
restart data set (this time containing the trial solutim'), to enter the Input
segnenf again. |

The second input data set contains the electrode voltages. Of course, these might
have been included as part of the trial solution, but setting them separately like
this permits different values to be inserted. Again the Density segment does not
campute. The Cbutrol segment this time enters the Potential segment where ame
field sweep is performed; an appropriate portion of the second constant dats array
controls. this special field sweep, letting the Potential segment calculate boundary
values, with no overrelaxation, instead of interior values. After this sweep,
program catrol passes again through the Control segment and into the Input segment.
A restart data set is invariably written each time the Control segment is entered.

Whe third input data set allows the iterative camputation to begin, but sets wp
moderate criteria for exit from the Potential segment and from the alternate modifi-
cation of potential and density values. In each iteration the segments are used in
this order:

1. Density segment (for computation, not as a link).
Control segment. . ' .
Potential segment (for an arbitrary number of sweeps).

Fwo

Control segment.
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After an unspecified mmber of such iterations, the exit comditons became satisfied
and the Control segment (at Step 4 above) directs the Input segment (at Step 5) to
read mare input. The solution thus far obtained is not intended to be accurate,
and is regarded. as the rough solutiom

The fine solution is sought by the next to the last imput data set, whose exit
criteria are as stringent as ey ‘be required by the solution's intended use. 'This
may be the fourth imput data set; alternatively, there may be any mmber of inter-
mediate sets to comtrol the avenue of approach by which the fine solution is reached
from the rough solution. The. purpose of including intermediate sets of data is
usmlly to reduce the computing time n.eeded to arrive at the fine solution. The
cmputation proceeds iteratively as descirbed above for the third data set.

The lest data set selects the trajectory recarding option in the Density segment.

The Density segment performs its usual computations and additfomally records om the
Histary tape the trajectories that it calculates. The Control segment then terminstes
the Solution phase since there 18 no more tape inmput. The camputer balts.

As there is no need for a core dmp, the operator presses the B'!ARTbuttonandthe
Close phage. is eﬁ.ledfrq.tlh)’u packettage This coples ontothenctrreltm
tape -the. four Solution. phase segments fram the Segment tape, the t“im constant
arrays fram the Array tape (duplicates, in content if not in form, of these same
arrays in the first input data set), and whatever trailer card images still remain
on the input data set tape unread by the Input segment.

The last two phases to be called are the List phase and the Equipotential phase.

. Their present action is. to generate the Result tape from which can be printed in

legible form the final potential and density for each mesh point of imterest
(some mesh points.where. the charge density is siways zero can be cmitted from. the
1ist), the coordinates. of & convenient set of points lying on each equipotential
line far which they.sre desired, and other infarmation useful for charge exchange
study and for checking.

The IBM 7070 computer run being over, the History tape and the Result tape are
printed by the IBM 1401. Significant information from the printed listings either
is plotted, as for example in Figures 3l and 32, or is interpreted directly.

Timing. Of all the phases of the program the Solution phase is, naturally, the

most time-congtming It usually takes several hdurs, vhile all other activities
involved in a run ord.inatily add up to less than thirty minytes. There fallow

same typical runn:l.ng t:lmes.
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1.

2',

The Edit phase takes about five minutes, when used.

The Restart phase and Close phase combined take about five to ten
minutes, depending on the amount of tape searching that iaﬁeethd

to find the desired restart data set.

The List phase takes d little less than five minutes to do a thousamd
mesh points.

The Equipotential phase tskes a little more than one minute to read in
all the date for a thousand mesh points. After the data has been read,
it takes about twenty seconds to do each equipotential line (up to
forty lines may be called for).

The time taken by the Solution phase is very roughly proporticnal to the
square of the mmber of mesh points, and depends also on the degree of
precision demanded of the solution and on the avenue along vhiich the
solution is approached. The problems to vhich the program has been
applied have typically treated about a thousand mesh points and have
typice.ﬁy used ome to three hours of computer time in the Scluticn
phase. For these problems the several segments have been timed separately.
The Potential segment takeg a little mame than twelve seconds to execute
eachﬁeldmep,themmberofmepa 1stypicallylmtedbymuput
parameter to- rifbem, 80 the Potential segment typicalh runs about
three minutes.

Cycling through the four segments (including the output of the two restart
data sets) &t the behest of the Control. segment takes sbout cme minute
exclusive of calculating and input of new data.

The Density segment timing depends on the number of particles that
represent the besn (the maximum is ten particles), on how far they go - -
befare being intercepted or nuetralized, and on whether the trajectories
ars. recordad.. For each particle that traverses both the accel and doeal
channeis (see Figure 30). abmrbfartysecondsmstbeaddedtothe
cycling time if the trajectories are . not recorded, ‘and about_seventy .
seconds 'if they are recorded. Particles that are intercepted take less
time,

The Input segment reads a typical input data set in from two to twenty.
secands, except that the insertions for a new geametry (as in the first
input data set of the Exeample given previously) teke approximegely fif-
teen minutes to be read; each of the two constant arrays and the trial
solution takes about five minutes.
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10. A core dump taken at the end of the Solution phase requires a little
more than three minutes. |

11. Getting on and off {he machine, mounting and dismounting tape reels,
plus the time between phases often cames to about five mimites.

FEATURES OF THE NUMERICAL COMPUTATION

The. numerical computation partion of the program, camprising the Density and
Poteptial segments of the Solution phase, is characterized by a number of general
features, most of which are held in common with a number of other programs written
to solve similar problems on other camputers. The following list is representative:

1. A square mesh is employed to represemt the gecmetry.
2. The mesh may double in linear size from one region to ancther.
3. Symmetrically located regions of the geanem are represented only
once in the mesh.
4. Boundaries of the geometry are not restricted to lie on mesh points.
5. Boundary conditioms may be Dirichlet oir Neumann or mixed.
6. Electrostatic potential calculstions sre 'permmed in fixed point
arithmetic,
.T. Overrelaxation is utilized to speed cmrganoe in potential calculations.
8. Ion trajectories calculated in order to.obtain chiarge densities are
terminated if they intersect any electrode.- :
9. Charge densities are correctly calculated if beam ion trajectories cross
. thes symmetry sxis or each other.
10. Tra,;ectories of charge excha.nge ions are calculated as equally well as
those  of beam ions. :
11. Trajectories and charge densities are calculated without the extraction
of square roota. o

Togethnrviththeabmmalteatms, nmeotvhichmthoughttomm
anyvaythe state of the. art,-thcprosrlnm one. feature whichnwminbl;
beuniﬁue in the mol-otmmrialmthodsappuadtothe solution of problems. -
involving charged particle beams. This is the feature that allows the program to
calculate roughly the shape and position of the plasma-ion interface (meniscus)
from which the ion beam emerges.
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Meniscus Location Festure. A persistent question that, until recently, was

raised each time a nev gecmetry was proposed for camputer solution was the question
‘of where to lay the boundary representing the sorce meniscus. The usual ansyer
was to start with it flat ( a straight-line meniscus) across the mouth of the source
and after solving for the flat meniscus to try other shapes. Unfartunately, the
shape of the ion besm may depend strangly on the meniscus shepe. sssumed. The
program festure described here automstically locates the meniscus and eliminates

the need to guess at a mmerical boundary comdition at the source.

The mumerical method for doing this fits very paturally into the Potential ‘segment.
If anything can be said & priori about the wliie of electrostatic potential at &
locality in the ion.beam close to the plasma ion interface (or anywhere else

in the ion beam), it is that the value is not apprecilsbly more positive than the
source potential, for if it were more positive, ions would be repelled trm that
locality and no. ion beam would exist there (centni-y to the premise that the
locality is in the beem). If a nume;-ics. se.utiega is cbiainsd for a relatively
low beam current. (enissim limited case) with s fixed boundary rmsenting:f.h ‘
meniscus, the computed potential values alose to the meniscus invariably comis '

'out ‘negative, cmidaring the source as being at zero or re:lerencc potential. .

As the cmnt is increased, the positive charge density of the ion beam tends ‘
to make these computed potentia.l values less and less negative. At some point &

'cm'rent (space charge limited cnrrent) is reached that is the maximm obtainable

physically with a meniscis of the assumed shape.  Any attempt to get a numerical
solution with the same: fixed ‘boundary for an appreciably larger current than

the space charge 1inited current results in. t'ailm , because certain of the
patential values close to the meniscus are computed to be notoulylus uey.tin,
but a.ctm.uy positive, if Poiucn s equation is assumed to hold in- this regiom;
such potential values, as is argued above, vioclate physical principles. The
cancept on which the. miscu‘locstm feature is based is that, for an iom cngiu
vhosenenism 1san~e¢ interface- bctveenagueouaneutralpl&mmduim
beam, the region where these positive values are computed belongs properly. to the.
neutral plasma - not to the ion beam. Since the plasma is a conductor approximately
at source potential, the computer is programmed- to set these positive values im--
mediate}y to zero vhehever they occur. The computation thereafter proceeds.as if
the edge.of the zero potential region were the meniscus, with one exception;
nemely, the zero potential values at the computed meniscus may become negative

again if the pbaitive -eharge density (a-nominal -value is-assigned at. the mesh points
vhere the potential has been set t0 zero) is not great enough to prevent it.
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Thus, in principle, the computed meniscus moves either way until a final solutm
1s réached in vhich the poa:lticn and shape of the meniscus is approprute to the
emission of & space \.harge limited current. It is maintained that this position
and shape approximates the position and shape that the meniscus takes on physically
in the ion engine.




APPENDIX 2
POROUS DIFFUSER STUDIES

Introduction. As a portion of the program, mercury wetting tests were conducted
vith a porous graphite plug to investigate the potential suitability of such a unit
as the phase separator in a zero-gravity propellant feed system. In concept, such
s system wvould vork as follows., Liquid mercury would be stored under vacuum in a
spherical tank. A porous element not wetted by the ligquid mercury would be care-
fully located near the center and fitted to the discharge tube of the tank. Under
gero gravity conditions the liquid would wet and adhere to the tank walls forming

a void in the vicinity of the porous element, providing the liguid does not com-
pletely £111 the tank. Liquid would not permeate the porous elemsnt. Upon heating
the vessel, a vapor bubble would form around the porous element, through vhich
mercury vapor would pass as the temperature of the fluid reservoir was raised. The
porous element would thms function as a phase separator, permitting vapor, but not
liquid, to pass through it. The vapor flov rate through the porous separator would
be dependent upon the reservoir temperature and could be controlled by the heat
input to the reservoir,

The critical component in such a system would be the porous element. Since pract-
ical flight feed systems demand long-term, unattended operation, the practicality
of a system of the type described depends upon the development of a porous dif-
fuser vhich is not wet after long periods of exposure to mercury. This wetting
determination vas the basic purpose of the tests described below., A secondary
objective was a rough calibration of a porous diffuser in terms of its vapor
deliver rate.

Apparatus and Procedure. The apparatus described belov was set up specifically
to study the wettability of porous materials over long periods and to determine a
preliminary correlation between the temperatures (and pressures) set up in a
liquid tank or reservoir and the rate of mercury vapor transfer across a porous
plug. A schematic drawing of the essential components of the test apparatus is
shovn in Figure 4., A photograph of the entire test rig is shown in Figure 45.

Mercury from the feed tank was alloved to flow into the reservoir at the base of
the - porous -element - (a graphite crucible with a 30 micron average pore size with
80 per cent porosity). Heating was accomplished by means of a ring heater at the
base of the. reservoiy, a heating element on the porous element itself, and an ex-
termally applied rediant heater. Thermocouples were suitably located within the
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system in order to assure that a uniform temperature was maintained on all test
components. A second mercury feed line (the drip tube) was also included in the
set up in order to allow a droplet of mercury to collect on the surface of the
porous element. This permitted the wetting angle between the mercury and the greuph-
ite to be observed at any time during the tests.

A vater cooled condenser vas placed in series with the graphite vaporizer. Also
connected to the condenser was & graduated burrette tube capable of indicating
changes in collected volume of 0.D1 cubic centimeters.

To operate the test rig, the condenser water was first turned on. After evacuating
the system to a pressure level of 50 microns or less, the system was heated to its
operating temperature (116°C). This corresponds to a vapor pressure of 670 microns
vhich vas theoretically sufficient to dirve mercury at a 4.5 x 107* gn/esec. flow
rate through a porous bed of a 30 micron pore size and 80 per cent porosity. These
design calculations were performed using McAdams (Reference 9) relations for pres-
sure drop in packed tubes. Since this 18 not an exact representation of the mercury
vaporizer system, true flow retes could only be determined experimentally.

An average flow rete was observed by determining the change in mercury collection
height in the burrette over a several hour period. Wetting characteristics vere
determined by visually observing any change in wetting angle of a drop of mercury
on the top of the vaporizer section.

Results. The collection rates and temperatures, shown in Table 8, are representative
data taken over an approximate 100 hour period.

During the test interwal there was no change in the wetting angle between the mer~
cury and the graphite. When this test was extended from 100 to 500 hours the same
wetting results vere found. The aversge flow rate over the 100 hour test period

vas 0.008 cc/hr corresponding to approximately 14 ma of equivalent singly-ionized
mercury flow. DBecause of the magnitude of the flow rate the absolute values could
only be determined by an averaging technique over several hour test periods.  In-
stantaneous flow retes (over & few minutes time interval) could not be determined.

At the end of the 500 hour test period neither deterioration of the graphite, nor
of the bonding agents used to cement portions of the graphite together, nor change
of the wettability characteristics of the material was observed.

115



Table 8
Elapsed Thermocouple Reading’ Hg volume in col- Flov rete
Time (hrs 1 2 3 h lection tube (cw’) (cwd/hr)
- - - - - 3.53 _—
3 - - - - 3.51 0.00667
16 27°C 107°C 106°C 104°C 3.35 0.0100
6 27 112 10 19 3.305 0.0075
- 27 13 12 110 3.688 -
18 ok 16 11k 106 3.445 0.0135
8 27 17 1k n7 3.395 0.00625
15 27 14 1k 1k 3.300 0.00593
8 28 18 16 19 3.2500 0.00625

IMr.oeoupla Junction locations were:
(1) Water condenser temperature.
(2) Base of graphite porous element.
(3) Bell jar vapor temperature.
(*) Bell jar glass temperature.

conclnsimg and Recommendations. As a result of these mercury wettability tests

it vas concluded that porous graphite may be a suitable material for use as a phase
separator for periods up to 500 hours in the type of mercury feed system described
above. Preliminary measurements of mercury flow rates versus pressure indicate
reasonable flov rates for reasomable vapor pressures. The time stability of wvapor
flow has not yet been established.

To completely evaluate the process there are additional areas which require further
investigation. These are:

1. The long term vetting effects exhibited by mercury on vaporizer materials
other than grephite. : :

2. The change in rate of vaporization as the system temperature changes.

3. Methods of measuring instantaneous vapor flow rates generated within
the feed system.
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AFPPENDIX 3
CALCUIATION OF THE EXTRAPOIATED EXTRACTION SYSTEM LIFETIME

It is presently generally accepted that charge exchange ion production is unavoid-
able because of the inability of ion sources to ionize all of the propellant pro-
vided to the source, The fraction of the propellant which is ionized, called the
propellant utilization and designated by the synbol,'r)., determines the charge
exchange current, IAc’ vhich is collected by the accel electrodes. An expression
for IAc sufficiently accurate for the present purposes can easily be shown to bde

L L e & B H ()

Ac 77- e vn

vhere ¢ = average value of charge exchange cross section

h: 4
v

average gpeed of the nantral atoms undergoing charge eychange

n
L

]

effective length of the potential well region
A= etfect:!.ve cross section of the accel electrode region
IS = beam current

e = electronic charge
and vhere all the quantities are expressed in a consistent set of units.

The lifetime of an extraction system is determined by the number of ampere hours
required to erode away a critical amount of electrode material. This amount will
be asgsumed to be that contained in two parallelapipeds of dimensions 0.2 x 0.2 x

5 CI5 , one parallelapiped located in each accel electrode. For tantalum electrodes

this corresponds to & total weight loss of 6.62 grams, The measured weight loss
occurring for the 70 hour and 100 hour tests resulted in a determined erosiom rate
of 11.3 gm/emp-hr and 13.5 gm/amp-hr, respectively. In order to obtain a pessi-
mistic value of extrapolated lifetime the larger value of erosion rate will be
used in the following calculations. Thus, the following working relatiomship
between lifetime and charge exchange current is obtained:

¢ - 192 (a-2)
IAc

ny




vhere t is the electrode lifetime inunitsofhonrssndIAcisthechnrgem
current in units of milliamperes. The units of the comstant are obvious., Thus,
for a charge exchange current of 1 ma, an electrode lifetime of 492 hours is
predicted.

The use of Equation (A-1) permits the extrapolation to other values of propellant
utilization. This is accomplished by evaluating the constants of Equation (A-1l)
for the conditions I, = 0.6 ma, Ig=50m, 7 = 0.70 vhich are sufficiently
representative of the conditions vhich existed during the life testing. Upon

substituting into Equation (A-2) there results

t=880x0 |7 ?:7. 1:2 (R'é") (A-3)

vhere I is the source current expressed in milliamperes and nh/a is the linear
erosion rate of tantalum relative to thmt of another material, R being proportiomsl
to the rate at vhich the sputtered surface recedes per incident ion. It is Equa-
ticm-(A-3) vhich 1s plotted in Figure b2,

It is easily shown that the matio of the linear erosion rates is given by

;"agig_a..r&."_za.

R M

vhere S is the sputtering rate expressed in atoms per ion
[2 18 the density of the electrode material
M is the atomic veight of the elctrode material

The linear erosion rate ratio of tantalum relative to graphite is obtained using
By = 0.5 atom/ion and 8, = 0.19 atom/ion at an. incident mercury ion energy of
500 eV (Reference 3) and is found to be am/ac = 4.5. Thus, it si possible that
graphite accel electrodes could exhibit approximately five times the lifetime of
tantalum electrodes.
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APPENDIX Lk
PROPELIANT FEED SYSTEM

During the testing phasps of the program, several laboratory-type mercury feed
systems were exployed, They differed mainly in the details of their respective
vaporizers, rather than in the manner of liquid supply or metering.and were designed
and constructed to function primarily as experimentally flexible laboratory units.
Of primary interest, therefore, were considerations such as flow variability, flow
metering, regulatiomn, control and response, repid refill capability, ease of usage,
and minimum maintenance, The mercury propellant feed systemm used in this program
my logically be divided into two essential elements, the liquid driver and the
vaporizer. Both have their unique problems and will be discussed in turn.

The initial source and extraction work was carried out using mercury feed systems
bailt under NAS8-42 and described in detail in Reference 1. In essence these
systems consisted of a mercury storsge razervoir and & mctor-driven positive dis-
placemsnt plunger which slovly drove ligkid mercury to a heated vaporizer. The ..
vaporizer consisted of an electrically heated stainless steel porous plug matrix,
tvo inches long and one-quarter inch in diameter, vertically mounted directly in
the engine propellant supply line. Liquid mercury was fed into the bottom at a
constant rete. This end of the matrix was held at a constant temperature of about
20°C, vhile the top end wvas maintained at a fixed tempereture near 3500°C. At
eqiilibrium, a definite interface vas formed within the matrix above vhich the -
mercury wvas vaporized and below which the mercury remained a liguid. Under these
equilibrium conditions, mercury vapor exited from the matrix at the same flow rate
&t which liquid mercury entered. The remainder of the mercury feed system served
to supply this heated porous matrix with liquid mercury at a constant metered rate.

To accomplish this, a neoprene plunger was pushed through a 2 mm precision bore
capillary tubing at a constant speed, drfving liquid mercury into the wvaporizer at
the same rate at vhich it was displaced from the tubing. The linear displacemmsat
rate of this plunger was indirectly measured and served as the basis upon which
the mexrcury vapor flow rate vas calculated. The use of a PT-bore stopcock in con-
Jungtion with the precision bore tubing allowed rapid refilling of the tubing with
& nevw charge of mercury from the supply seservoir. The neoprene plunger was driven
through the capillary tubing by a tungsten rod which in turn was coupled to a feed
screw; . The plunger travel up the capillary tubing was. quite slow, about 0.003 cm
per minute for an equivalent mercury delivery rate of 60 ma. This in turn permit-
ted a single filling of mercury (about twelve inches of column length) to serve
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for many hours of source testing. Initially a stepping motor and gear system were
used to turn the feed screv at constant speed. Periodic monitoring of the plunger
displacement rate verified the comstancy of propellant feed during ion source testing.

Such was the basic mercury feed system developed under Contract NAS8-42. In general,
its performance was satisfactory. The entire system appeared to have only one major
limitation and this involved the time response of the porous matrix vaporizer. To
shift from one vaporization equilibrium condition to another at flow rates greater
than 100 ma required of the order of five minutes. However, at flow rates corres-
ponding to about 40 ma of beam current, it frequently required of the order of
thirty minutes or more for stabilization, the time increasing even more if the flow.
change wvas from high to low. What were thought to be adequate equilibration times
vere allowed to elapse prior to data recording at a new flow rate.

As vork progressed under BAS3-2522 the mercury feed system was more closely investi-
gated with respect to calibration and time stability. The calibration consisted of
displacing the plunger of the positive displacement drive by a measurable amount
and weighing the amount of mercury that would be delivered to the vaporizer. The
stability test consisted of measuring the rate at wvhich mercury was delivered as

a function of time for time durations up to eight hours. It was found that the
long term accuracy was approximately ¥ l/ 2 per cent and the short term accuracy

t 1 per cent, providing the laboratory temperature held reasonably constant. When
the laboratory temperature changed significantly, larger derivations were experi-
enced. It was evident that the system was responding to room temperature changes,
the feed rate increasing gradually during the day as the ambient temperature in-
creased and rapidly decreasing on occasion because of sudden drafts. In order to
eliminate the room temperature dependence the engine feed line was enclosed in a
water Jacket maintained at tap water temperature; preliminary measurements indi-
cated that the tap water temperature remained constant within 1/2°C throughout

the day.

Additional stability measurements were made periodically by determining the maxi-
mum output source current as well as periodically monitoring the arc characteris-
tics. This investigation revealed a propellant utilization in excess of 100 per
cent, in some instances, and showed the influence of the vaporizer (as distin-
quished from the liquid driver portion of the feed system). The basic problem
was that the very slow response of the capillary vaporizer made true "equilibrium”
vaporization conditions somewhat difficult to verify, despite the standard prac-
tice of waiting before recording data.
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In order to reduce the time required for the vaporizer portion of the feed system
to come to equilibrium the vaporizer vas completely redesigned. The redesign wvas
based on the results of a first order transient analysis of the dynamics of the

vaporizer. If it is assumed that the vaporizer comsists of a long capillary through

a thick walled tube, the wall being thick enocugh that a temperature gradient along
the length of the tube is independent of the presepce or absence of mercury in the
capillary, then it can be shown that for small disturbances about the equilibrium
position the mercury liquid-vapor interface will move exponentially towards the
equilibrium position having a characteristic time, 7, given by

Pae AX,
Ry ey s

vhere PHs = the density of mercury

A . = the cross section area of the capillary

llo = Avogadro's number

M = grem atomic weight of mercury
ﬁoynteqtvhichnercuryisfed into the vaporizer
8 = the equilibrium position of the interface

7(s)

T*' = the temperature gradiept along the length of the capillary

the temperature at the equilibrium position

B

the constant in the equation P =P e -B(1/T - 1/7,) where
P is the vapor pressure at temperature T and Po is the vapor
pressure at temperature To.

Thus it is seen that the characteristic time depends directly on the cross sec-
tional area of the capillary and inversely on the product of the mercury feed
rate and the temperature gradient.

The most obvious method of reducing the response time of the vaporizer was thus
to decrease its effective cross-sectional area. A capillary vaporizer was built
having a cross-sectional area of 5 x 10"h o (some 600 timea smaller than the .
effective area of the porous plug units). For a feed rate equivalent to 60 ma and
e temperature gradient of r70°c/c,n a theoretical characteristic time of 15 seconds
was obtained (using Equation (A-4)) which compared favorably with a measured
characteristic time of six seconds. This constituted an obvious improvement over

121




< R

d

the porous plug units which, under similar circumstances, showed characteristic
times on the order of hours and consequently demanded long waiting periods to in-
sure the existence of veporization eqmilibrium. The capillary vaporizer design
resulted in a considerable saving of time and allowed more extensive engine ;besting
over a wide range of feed rates.

These capillary vaporizers more than met expectations. They turned out to be ex-
tremely convenient and flexible for laboratory usage; their response time, for
example, could be varied somevhat for a particular flov rate by increasing or
decreasing the temperature gradient. The sensitivity of the capillary vaporizer
was such that the pulses from the stepping motor (used to turn the feed screwv and
liquid mercury feed plunger) were manifested in the mercury arc as voltage and
current pulsations. This led in turn to the elimination of the stepping motor
arrangement.and the substitution of a synchronous motor vhose output was coupled
through a transmission so that the rotational speed could be continucusly varied.
This modification resulted in very good short term stability (<30 sec.) of the
feed system and arc characteristics.

A recalibration and redetermination of the feed system's stability was carried out.
The basic calibration was found to be accurate to better than one per cent. Two
sources of instability were revealed, however; the first depended on room tempera-
ture variations and the second was mechanical in nature having a periodicity equal
to that of the drive screw. The instability induced by room temperature variations
had been reduced to less than one per cent by inclosing the mercury feed line in a
water jacket as previocusly described. Despite this precaution, additional fluctua-
tions were still encountered when the feed system was exposed to sudden cold (or
hot) drafts, since the capillary ‘tubdng had not been water-jacketed. The periodic
instability was related to poor alignment of the reduction gears and amounted to
the superposition of a linear and & periodic displacement on the motion of the
drive piston. For the two feed systems which were used one wvas found to have a
maximm deviation of seven per cent while the other was stable to one per cent.
These per cent deviations correspond to peak to peak gear displacements of 0.0007
in. and 0.0001 in. respectively.

The determination of the various causes of feed system fluctuations facilitated
the attainment of improved accuracy of data. For example, by taking readings at -
the proper angular position of the liquid drive system, the associated error could
be reduced to less than one-half of the maximum possible error. It was felt that -
the basic characteristics of -the mercury feed systems were well understood and com-
sequently reliable data obtained.
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